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Abstract		
	 	
Sensing	 BTEX	 (Benzene,	 Ethylbenzene,	 Toluene,	 Xylene)	 pollutants	 is	 of	 utmost	 importance	 to	
reduce	health	risk	and	ensure	public	safety.	The	lack	of	sensitivity	and	selectivity	of	the	current	gas	
sensors	 and	 the	 limited	 number	 of	 available	 technologies	 in	 the	 field	 of	 BTEX-sensing	 raises	 the	
demand	for	the	development	of	high-performance	gas	sensors	for	BTEX	applications.		
The	scope	of	this	thesis	is	the	fabrication	and	characterisation	of	high-quality	field-effect	transistors	
(FETs),	with	functionalised	silicon	nanowires	(SiNWs),	for	the	selective	sensing	of	benzene	vs.	other	
BTEX	gases.	This	research	addresses	three	main	challenges	in	SiNW	FET-sensor	device	development:	
i)	 controllable	 and	 reproducible	 assembly	 of	 high-quality	 SiNWs	 for	 FET	 sensor	 devices	 using	 the	
method	 of	 dielectrophoresis	 (DEP),	 ii)	 almost	 complete	 elimination	 of	 harmful	 hysteresis	 effect	 in	
the	 SiNW	 FET	 current-voltage	 characteristics	 induced	 by	 surface	 states	 using	 DMF	 solvent,	 iii)	
selective	sensing	of	benzene	with	up	to	ppb	range	of	sensitivity	using	calix[4]arene-derivatives.	
It	is	experimentally	demonstrated	that	frequency-controlled	DEP	is	a	powerful	tool	for	the	selection	
and	 collection	 of	 semiconducting	 SiNWs	 with	 advanced	 electrical	 and	 morphological	 properties,	
from	a	poly-disperse	as-synthesised	NWs.	The	DEP	assembly	method	also	leads	to	a	controllable	and	
reproducible	fabrication	of	high-quality	NW-based	FETs.	The	results	highlight	the	superiority	of	DEP,	
performed	 at	 high	 signal	 frequencies	 (5-20	 MHz)	 to	 selectively	 assemble	 only	 high-quality	 NWs	
which	can	 respond	 to	 such	high	DEP	 frequencies.	The	SiNW	FETs,	with	NWs	collected	at	high	DEP	
frequencies,	have	high	mobility	(≈50	cm2	V-1	s-1),	low	sub-threshold-swing	(≈1.26	V/decade),	high	on-
current	 (up	 to	 3	mA)	 and	high	 on/off	 ratio	 (106-107).	 The	DEP	NW	 selection	 is	 also	 demonstrated	
using	 an	 industrially	 scalable	 method,	 to	 allow	 establishing	 of	 NW	 response	 characteristics	 to	
different	DEP	frequencies	in	a	very	short	time	window	of	about	60	seconds.	The	choice	of	solvent	for	
the	 dispersion	 of	 the	 SiNW	 for	 the	DEP	process	 demonstrates	 a	 dramatic	 impact	 on	 their	 surface	
trap,	with	DMF	solvent	acting	as	a	mild	oxidising	agent	on	the	NW	surface	shell.	This	surface	state	
passivation	technique	resulted	in	the	fabrication	of	high-quality,	hysteresis-free	NW	FET	transducers	
for	sensor	applications.	
Finally,	 the	 proof-of-concept	 SiNW	 FET	 transducer	 decorated	 with	 calix[4]arene-derivative	 gas	
receptors	exhibits	selective	detection	of	benzene	vs.	other	BTEX	gases	up	to	30	ppm	concentrations,	
and	up	to	sub-ppm	benzene	concentration.	
The	demonstrated	NW-sensors	are	 low	power	and	compact,	and	 therefore	can	be	easily	mounted	
on	a	mobile	device,	providing	 instantaneous	determination	of	hazardous	gases	 in	 the	 surrounding	
atmosphere.	 The	 methodologies	 developed	 in	 this	 thesis,	 have	 a	 high	 potential	 to	 make	 a	
	 ii	
breakthrough	 in	 low-cost,	 selective	 gas	 sensors,	 which	 can	 be	 fabricated	 in	 line	with	 printed	 and	
flexible	electronic	approaches.		
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1	
Introduction	
	
1.1 Motivation	
The	 human	 sensory	 system	 consists	 of	 five	 basic	 senses	 -	 sight,	 hearing,	 taste,	 touch	 and	 smell	 -	
which	act	as	sensors	for	detecting	and	interpreting	various	sensory	stimuli,	such	as	light,	sound,	and	
heat.	As	human	beings,	however,	we	are	incapable	of	sensing,	consciously	accessing	and	monitoring	
physiological	data,	such	as	blood	pressure,	oxygen	concentration,	respiratory	activity	and	hazardous	
gas	concentrations	in	the	environment,	therefore	we	rely	on	external	sensing	equipment.	Effectively,	
we	need	transducers	that	convert	a	physical	or	chemical	change	into	a	measurable	signal,	which	can	
be	processed	further	and	provide	valuable	information	[1].	In	some	cases,	transducers	are	combined	
with	receptors	to	enhance	their	response	to	certain	analytes.	Examples	of	transducers	–	in	this	case	
gas	 sensors	 that	 convert	 gas	 concentration	 into	 an	 electrical	 signal	 -	 are	 shown	 in	 Figure	 1.1	
(produced	by	Alphasense	Ltd).	This	thesis	focuses	on	gas	sensing	applications,	using	silicon	nanowire	
field-effect	transistors	(SiNW	FETs),	in-line	with	printed	and	flexible	electronic	approaches.	
	
Figure	 1.1	 –	 Alphasense	 gas	 sensors,	 for	 use	 in	 high	 volume	 applications	 and	 evolving	 markets,	 such	 as	 air	 quality	
monitoring	[2].	
	
A	 gas	 sensor	 is	 a	 subclass	 of	 a	 chemical	 sensor,	 which	 provides	 information	 about	 the	 chemical	
composition	 of	 its	 complex	 environment	 and	 converts	 interactions	 with	 chemical	 moieties	 into	
electrical	 signals.	 The	 primary	 technology	 for	 detecting	 flammable	 gases	 using	 solid-state	 devices	
originates	 in	 the	 early	 60’s	 with	 the	 invention	 of	 the	 pellistor.	 The	 pellistor	 is	 comprised	 of	
electrically	heated	 filaments	 (up	to	900	°C)	embedded	 in	a	coating	or	pellet	consisting	of	an	oxide	
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material	(catalyst).	When	the	target	gas	is	oxidised	by	catalysis	at	the	filament’s	surface,	it	raises	the	
temperature	of	the	filament	and	therefore	its	resistance	(the	change	in	resistance	is	proportional	to	
the	 gas	 concentration).	 The	 change	 of	 resistance	 is	 monitored	 using	 an	 electrical	 bridge	 circuit	
(Wheatstone	bridge)	 [3].	The	history	of	gas	sensors	using	semiconducting	materials	began	 in	1957	
with	 Bielanksi	 et	 al.	 [4],	who	 discovered	 that	 the	 electrical	 conductivity	 of	 some	 semiconducting	
oxides	changes	when	exposed	to	chemical	gases.	Following	the	idea	of	Bielanksi,	Seiyama	et	al.	[5]	
developed	the	first	gas	detector	in	1962,	using	thin	zinc	oxide	(ZnO)	films	which	were	able	to	detect	
various	 gases,	 including	 toluene	 and	 benzene	 vapours.	 In	 the	 same	 year,	 Tagunchi	 [6]	 began	 to	
investigate	 different	 functional	 materials	 for	 gas	 detection,	 choosing	 tin	 oxide	 (SnO2)	 as	 the	
promising	candidate.	By	1968,	the	SnO2	sensors	were	being	mass-produced	and	were	commercially	
available	a	year	later	with	the	establishment	of	the	Figaro	Engineering	Inc.	[7].	Since	then,	the	sensor	
industry	 has	 boomed	 and	 sensors	 have	 become	 vital	 for	 the	 provision	 of	 personal	 assistance	 in	
delicate	and	dangerous	situations.	Gas	sensors	have	been	an	indispensable	part	of	our	technology-
driven	 society,	with	numerous	applications	 including	 chemical	processes,	medicine,	environmental	
monitoring	and	the	detection	of	weapons	of	mass	destruction	for	homeland	security	[8].	
Sensing	BTEX	(i.e.	Benzene,	Toluene,	Ethylbenzene,	Xylene)	Volatile	Organic	Compounds	(VOCs),	and	
more	 specifically	 benzene	 (C6H6),	 is	 of	 utmost	 importance	 for	 monitoring	 and	 sustaining	
environmental	stability	and	human	health	because	of	its	abundance	and	carcinogenicity	[9,	10].	The	
Department	 of	 Health	 and	 Human	 Services	 (DHHS)	 has	 determined	 that	 chronic	 exposure	 to	
benzene	 can	 cause	 cancer	 to	 humans,	 while	 it	 can	 also	 lead	 to	 other	 diseases	 such	 as	 anaemia,	
leukaemia	and	damage	to	the	immune	system	[11].	The	rate	of	poisoning	caused	by	benzene	mainly	
depends	on	the	length	of	the	exposure	and	the	concentration	rate	of	the	gas	(Table	1.1).	Short-term	
exposure	to	low	levels	can	cause	dizziness,	headaches,	tremors,	and	rapid	heart-rate,	whereas	short-
term	exposure	to	high	concentrations	(10,000-20,000	ppm)	can	result	 in	death	[12,	13].	 In	the	UK,	
around	640	thousand	tons	of	benzene	are	used	mainly	in	the	manufacture	of	other	chemicals,	such	
as	plastics,	foams,	dyes,	detergents,	solvents,	drugs	and	insecticides	[13].	According	to	the	Japanese	
Ministry	of	Health,	Labour	and	Welfare,	exposure	standards	for	benzene	must	be	less	than	0.1	ppm	
[14]	with	the	odour	threshold	(limit	of	detection	of	the	human	nose)	being	≈5	ppm	[15].	Based	on	
the	 aforementioned	 facts	 about	 aromatic	 VOCs,	 the	 demand	 for	 the	 development	 of	 high	
performance	gas	sensors	is	considered	highly	important.		
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Table	1.1	–	Exposure	limits	of	benzene	via	inhalation	[16].	
	
Industrial	sensors	have,	so	far,	failed	to	provide	gas	sensitivity	and	selectivity	of	dangerous	gases	at	
very	low	concentrations,	while	their	high	fabrication	cost	and	bulky	size	limit	their	affordability	and	
usability.	 The	 main	 requirements	 of	 industrial	 sensors	 include:	 high	 sensitivity	 to	 low	 gas	
concentration,	 selectivity	 to	 target	 gas	 (benzene	 vs.	 other	 BTEX	 gases),	 device	 reusability,	 fast	
recovery	 time,	 fast	 response	 to	 gas	 exposure,	 reliability,	 reproducibility,	 long-term	 stability	
(robustness),	 low	fabrication	cost	and	direct	electrical	 readout.	Nanotechnology	offers	the	tools	 to	
overcome	 the	 difficulties	 faced	 by	 the	 industrial	 competitors,	 while	 raising	 new	 challenges	 in	
nanofabrication	and	nanoscience.	In	2001,	Prof.	Lieber	from	the	Harvard	University,	Massachusetts,	
USA	investigated	the	application	of	nanowires	(NWs)	in	biosensors,	demonstrating	their	usability	for	
sensor	applications	[17].	The	unique	characteristics	of	NWs	make	them	potential	key	building	blocks	
for	 the	manufacturing	of	 field-effect	 transistors	 (FETs),	which	 in-turn	serve	as	 the	backbone	of	 the	
(chemical)	sensor.	Using	FET	structures	for	gas	sensing	offers	a	clear	advantage	over	other	sensing	
platforms	(e.g.	resistive	platform),	due	to	the	extraction	of	multiple	device	parameters	that	increase	
the	 number	 of	 independent	 sensing	 features	 per	 sensor	 during	 each	 measurement	 [18].	 Haick’s	
research	group	 from	 the	 Israel	 Institute	of	 Technology,	Haifa,	 Israel	 is	 the	main	 contributor	 in	 the	
development	of	sensing	VOCs,	by	means	of	SiNWs	based	on	FET	structures.	However,	their	current	
research	provides	limited	results	on	the	selectivity	mechanism	of	gas	receptors.		
The	lack	of	gas	selectivity	of	the	current	nanosensors	and	the	limited	number	of	contributors	in	gas	
sensing	 technologies,	 indicates	 the	 need	 for	 further	 research	 and	 development	 in	 this	 field,	 and	
makes	 this	 project	 applicable	 to	 the	 industrial	 needs.	 In	 this	 work,	 the	 possibility	 of	 using	
supramolecular	 systems	 is	 reported	 for	 the	 first	 time,	 i.e.	 calix[4]arenes	 and	 their	 derivatives	
(resorcarenes),	 as	 gas	 receptors	 on	 solid	 state	 technology	 (chem-FETs).	 The	 combination	 of	 SiNW	
FETs	and	gas	receptors	commences	a	new	approach	on	sensing	BTEX	vapours	following	plastic	and	
printed	electronic	approaches,	which	can	dramatically	reduce	the	cost	of	 fabrication	and	speed-up	
the	production	yield.		
Exposure	via	Inhalation	
ppm	 mg	m-3	 Signs	and	Symptoms	
25	 80	 No	immediate	clinical	effects	(8	hours)	
50-150	 160-480	 Headache,	lethargy,	weakness	(5	hours)	
500	 1,600	 Symptoms	of	illness	(60	minutes)	
1,500	 4,800	 Serious	symptoms	(60	minutes)	
7,500	 24,000	 Dangerous	to	life	(30	minutes)	
20,000	 64,000	
Central	nervous	system	depression,	cardiac	arrhythmia,	respiratory	failure	and	
death	(5-10	minute	exposure)	
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It	 is	 well	 known	 that	 when	 a	 gas	 molecule	 is	 adsorbed	 onto	 the	 surface	 of	 an	 organic	 material	
(receptor),	 the	physiochemical	properties,	 including	the	structural,	electrical	and	optical	properties	
of	the	sensing	materials	can	change	[19].	This	work	is	mainly	focused	on	the	change	of	the	electrical	
properties	of	 the	 transducer	 (chemical	 response	 is	 transduced	 into	an	electrical	 response),	 due	 to	
the	dynamic	process	of	the	host-guest	interactions	in	which	adsorption	and	desorption	of	the	guest	
vapour	molecules	 occur.	 In	 this	 study,	 electrical	 measurements	 of	 the	 transducer,	 as	 well	 as	 the	
mechanism	 (binding	 interactions),	 were	 combined	 to	 explore	 the	 dynamic	 interactions	 of	 BTEX	
vapours	with	the	calix[4]arenes.	The	sensing	results	demonstrate	the	proof-of-concept	of	combining	
supramolecular	systems	with	SiNW	FETs	for	sensing	applications.	
	
1.2 Towards	Printed	and	Flexible	Electronics	
The	main	objectives	of	printed	and	flexible	electronics	include	the	increase	of	production	speeds,	the	
reduction	of	manufacturing	costs	of	electronic	devices,	and	 the	establishment	of	 low	 temperature	
fabrication	 processes	 compatible	 with	 plastic	 electronics.	 In	 addition,	 printed	 devices	 on	 flexible	
substrates	 are	 lightweight,	 robust,	 and	 can	 realistically	 be	 scaled-up	 for	 industrial	 applications.	
Printed	electronics	offer	 faster	 fabrication	processes	compared	to	 the	traditional	photolithography	
method,	 with	 the	 only	 disadvantage	 being	 the	 limited	 availability	 of	 specialty	 inks	 with	
nanoparticles.	Passive	(i.e.	resistor,	capacitor)	[20],	active	(i.e.	diode,	transistor)	[21,	22]	and	device	
(i.e.	 RFID,	 solar	 cell,	 sensor,	 battery)	 [23-25]	 components	 can	 be	 printed	 directly	 onto	 flexible	
substrates,	 such	 as	 plastic	 or	 paper.	 The	 advances	 of	 printed	 electronics	 can	 make	 the	 phones,	
tablets	and	computers	we	are	using	today	more	affordable	and	accessible	to	everyone.		
The	integration	of	SiNWs	as	nanoscale	building	blocks	demonstrates	excellent	mechanical	flexibility	
that	makes	 them	 suitable	 for	 printed	 and	 flexible	 electronic	 devices	 [26].	 SiNWs	 can	 be	 solution-
processed	 as	 ‘functional	 inks’	 and	 printed	 on	 rigid	 and	 plastic	 substrates,	 using	 various	
printing/assembly	 techniques	 at	 room	 temperature.	Using	 dielectrophoresis	 (DEP)	 as	 an	 assembly	
technique,	 NWs	 can	 be	 selectively	 printed	 based	 on	 their	 electrical	 properties,	 enabling	 the	
development	 of	 novel	 electronic	 devices	 with	 the	 potential	 to	 impact	 a	 broad	 spectrum	 of	
applications,	including	nanosensors.		
	
1.3 Definition	of	Terms	Used	in	Sensor	Technology	
An	 introduction	of	 the	 terms	used	 in	sensor	 technology	which	will	be	used	 in	 this	 thesis	are	 listed	
below	[27,	28]:	
Acuracy:	Represents	the	correctness	of	sensing	system’s	output	in	comparison	to	the	actual	value	of	
a	measurand.	
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Analyte:	A	substance	being	analysed.	
Dynamic	Range:	The	maximum	and	minimum	values	of	the	measurand	that	can	be	measured	with	a	
sensing	system.	Also,	it	is	known	as	the	measurement	range.		
Interferant:	Any	gas	other	 than	the	target	gas	 that	will	 cause	a	 response	 (interference)	 from	a	gas	
sensor.	
Limit-of-Detection	(LoD):	The	lowest	concentration	of	a	measurand	that	can	be	reliably	measured	by	
the	sensing	system.		
Recovery:	 The	 ability	 of	 the	 sensing	 system	 to	 return	 to	 its	 baseline	 after	 the	 removal	 of	 the	
measurand.	
Saturation:	The	state	where	the	signal	that	needs	to	be	measured	is	larger	than	the	dynamic	range	
of	the	sensor.	It	is	the	state	in	which	the	sensor	no	longer	responds	to	any	changes.	
Selectivity:	 The	 sensing	 system’s	 ability	 to	measure	 a	 target	measurand	 in	 the	presence	of	 others	
interferences.				
Sensitivity:	The	ratio	of	the	incremental	change	in	the	sensor’s	output	to	the	incremental	change	of	
the	measurand	in	input.			
	
1.4 Aim	of	the	Thesis	
This	thesis	investigates	solution-processed	nanomaterial-based	gas	sensors,	with	SiNWs	forming	the	
conducting	 channel	 of	 the	 FET	 with	 tailored	 supramolecular	 receptors,	 as	 low-cost	 printed	 and	
flexible	 electronic	 devices.	 The	 aim	 is	 two-fold:	 (i)	 to	 investigate	 a	 controllable	 self-assembly	 of	
nanomaterials	(i.e.	NWs)	for	device	applications,	and	(ii)	to	demonstrate	that	NW	gas	sensors	with	a	
proper	 surface	 modification	 (gas	 receptors)	 can	 achieve	 high	 sensitivity	 and	 selectivity	 to	 the	
targeted	 gas	 (such	 as	 benzene),	 at	 low	 concentrations.	 This	 thesis	 addresses	 newly	 developed	
methodology	 for	 controllable	 and	 reproducible	 NW	 FET	 device	 assembly	 and	 SiNW	 FET	 sensor	
performance,	targeting	the	sensitivity	and	selectivity	of	the	gas	sensor.	The	sensitivity	is	linked	to	the	
transducer	(i.e.	the	NW	FET	device).	In	this	work,	FETs	with	SiNWs	forming	the	conducting	(sensing)	
channel	were	used.	NWs	were	chosen	as	the	nanomaterials	because	of	their	single	dimensional	(1-D)	
characteristics,	combining	their	small	size	(diameter)	with	high	surface-to-volume	area,	make	them	
excellent	key	building	blocks	 for	FET	 sensing	applications.	 Si	was	chosen	due	 to	 several	 factors:	 (i)	
well-developed	 growth	 techniques	 for	 SiNWs,	 (ii)	 environmental	 stability,	 (iii)	well-defined	 surface	
chemistry	 for	SiNWs	with	SiO2	 shell.	 It	 is	 important	 to	highlight	 that	 the	high	quality	of	 the	SiNWs	
enhances	 the	 detection	 sensitivity	 of	 the	 nanosensor.	 For	 the	 fabrication	 of	 high-quality	 and	
reproducible	 FET	 devices,	 the	 application	 of	 DEP	 was	 developed,	 with	 its	 signal	 frequency	 being	
related	to	 the	collection	of	 the	high-quality	NWs	[29].	The	selectivity	 towards	specific	gases	of	 the	
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sensor	 can	be	obtained	with	 a	 proper	modification	on	 the	NW	 surface	with	 gas	 receptors.	 In	 this	
project	 calix[4]arene-derivatives	 (calix[4]arenes	 and	 resorcarenes)	 were	 used	 to	 accommodate	
binding	 sites	 for	 the	 gas	molecules	 acting	 as	 gas	 receptors,	 as	 their	 structure	 can	 be	 engineered	
according	 to	 the	 chemical	 structure	 of	 the	 target	 gas	 molecule	 for	 accurate	 selectivity.	 Also,	 the	
proposed	 FET	 nanosensor-device	 provides	 in-situ	 measurements	 (direct	 electrical	 readout)	 when	
exposed	to	hazardous	gases,	without	the	need	of	signal	processing	techniques.	The	fabrication	of	the	
FET	sensor	was	conducted	via	bottom-up	approaches	using	photolithography.		
This	project	was	conducted	at	the	Advanced	Technology	Institute	(ATI),	University	of	Surrey,	Surrey,	
UK	 with	 assistance	 from:	 (i)	 Alphasense	 Ltd.,	 Essex,	 UK,	 (ii)	 National	 Physical	 Laboratory	 (NPL),	
Teddington,	UK,	(iii)	the	Department	of	Chemistry	and	(iv)	Mechanical	Engineering	Sciences,	and	(v)	
the	Centre	for	Biomedical	Engineering	at	the	University	of	Surrey,	Surrey,	UK.		
	
1.5 Objectives	
The	following	objectives	were	targeted	during	this	project:	
• The	development	of	a	NW	deposition	technique	for	the	precise	deposition	and	selection	of	
high-quality	single	dimensional	(1-D)	NWs	within	a	heterogeneous	feedstock.	
• The	 selection	 of	 appropriate	 receptor	 molecules	 for	 the	 selective	 detection	 of	 benzene	
vapours.	
• The	development	of	a	sensing	platform	based	on	functionalised	FET	architecture.	
• The	demonstration	of	low	ppm	(60	ppb	up	to	30	ppm)	benzene	selectivity.	
	
1.6 Originality	and	Breakthroughs	of	the	Thesis	
The	 originality	 of	 this	 work	 includes	 the	 development	 of	 a	 solution-based	 assembly	 of	
semiconducting	NWs	for	a	reproducible,	functionalised	FET	sensor	platform	-	in	line	with	printed	and	
flexible	electronic	approaches	-	for	the	accurate	detection	of	hazardous	gases,	which	can	potentially	
be	scaled-up	for	industrial	applications,	and	the	selection	of	selective	receptors	for	benzene	vapours.	
The	importance	of	this	approach	is	that	it	not	only	sets	the	necessary	building	blocks	for	gas	sensing	
with	multi-elemental	 SiNW	 FET	with	 corresponding	 receptor	molecules,	 but	 it	 also	 enables	 liquid	
based	SiNW	FET	sensors	for	biological	and	medical	screening.		
	
The	main	breakthroughs	of	this	project	are	listed	below:	
• Experimental	 demonstration	 of	 the	 direct	 selection	 of	 poly-dispersed	 SFLS	
monophenylsilane	(MPS)	SiNWs	based	on	conductivity	via	DEP.		
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• Experimental	demonstration	of	an	efficient	and	 industrially	available	method	 for	 the	 rapid	
determination	of	NW	electrical	properties	(using	3DEP	3D	Dielectrophoresis	Reader).		
• Experimental	demonstration	of	a	one-step	solution-based	NW	surface	passivation	method	-	
conducted	 in	 ambient	 conditions	 -	 for	 reducing/eliminating	 hysteresis,	 suitable	 for	 the	
fabrication	of	near-zero	hysteresis	SiNW	FETs.		
• Fabrication	of	reproducible	SiNW	FET	devices,	with	the	highest	quality	reported	so	far.	
• Selective	detection	of	benzene	at	low	ppm	range	(60	ppb	up	to	30	ppm).	
	
1.7 Authored	Publications	Arising	
Journal	Publications	
• Constantinou,	M.,	Hoettges,	F.	K.,	Krylyuk,	S.,	Davydov,	A.,	Rigas,	P.	G.,	Stolojan,	V.,	Hughes,	P.	
M.,	Shkunov,	M.	Rapid	Determination	of	Nanowire	Electrical	Properties	Using	a	
Dielectrophoresis-Well	Based	System.	Applied	Physics	Letters	2017,	110,	133103-133105,	DOI:	
10.1063/1.4978930.	
• Constantinou,	M.,	Rigas,	P.	G.,	Castro,	A.	F.,	Stolojan,	V.,	Hoettges,	F.	K.,	Hughes,	P.	M.,	Adkins,	
E.,	Korgel,	A.	B.,	Shkunov,	M.	Simultaneous	Tunable	Selection	and	Self-Assembly	of	Si	Nanowires	
from	 Heterogeneous	 Feedstock.	 ACS	 Nano	 2016,	 10	 (4),	 4384-4394,	 DOI:	
10.1021/acsnano.6b00005.	
• Constantinou,	M.,	Stolojan,	V.,	Rajeev,	P.	K.,	Hinder,	S.,	Fisher,	B.,	Bogart,	D.	T.,	Korgel,	A.	B.,	
Shkunov,	M.	Interface	Passivation	and	Trap	Reduction	via	a	Solution-Based	Method	for	Near-
Zero	Hysteresis	Nanowire	FETs,	ACS	Applied	Materials	&	Interfaces	2015,	7	(40),	22115-22120,	
DOI:	10.1021/acsami.5b07140.		
	
Book	Chapter	
• Shkunov,	M.,	 Rigas,	 P.	 G.,	 Constantinou,	M.	 (2017)	 Solution	 Processable	 Nanowire	 Field-Effect	
Transistors,	Nanowires	–	New	Insights,	INTECH,	ISBN:	978-953-51-5257-6,	pp.	79-100.	
	
1.8 Structure	of	the	Thesis	
This	thesis	is	structured	as	follows:		
Chapter	2	describes	the	theory	of	nanomaterials	and	NW	FET	devices	as	sensors.	 It	 introduces	the	
theory	of	the	nanomaterials	used	in	this	project,	including	their	mechanical	and	electrical	properties,	
different	NW-growth	methods,	NW	assembly	techniques	and	the	arising	challenges.	The	second	part	
of	 the	 chapter	 provides	 a	 detailed	 description	 of	 the	 SiNW	 FET	working	 principles	 and	 extraction	
parameters.	The	third	part	provides	the	importance	of	BTEX	gas	sensors,	the	working	principle	and	
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the	extraction	parameters	of	NW-based	FET	gas	sensors,	and	the	recent	highlights	of	the	NW-based	
FETs	and	BTEX	gas	sensors.	A	conclusion	remark	and	outlook	follows,	emphasising	the	objectives	and	
the	methodology	of	this	project.		
Chapter	3	provides	a	detailed	description	of	the	bottom-up	fabrication	technique	used	in	this	work.	
The	method	of	photolithography	and	 ink-jet	printing,	NW	deposition	via	DEP	and	 roll-casting,	 and	
dielectric	deposition	used	in	this	study	are	discussed	in	detail.		
Chapter	 4	 provides	 a	 detailed	 description	 of	 the	 materials	 and	 the	 techniques	 used	 for	 their	
characterisation.	
Chapter	 5	describes	 the	 scientific	 and	 experimental	 analysis	 of	 the	 fabrication	of	 high-quality	 and	
reproducible	FET	devices.	The	first	part	discusses	the	method	of	DEP	used	for	the	precise	deposition	
of	 SiNWs	 on	 predefined	 electrode	 structures,	 and	 their	 purification	 based	 on	 their	 electrical	
properties.	This	work	was	published	[30]	and	presented	at	the	Dielectrophoresis	2014	International	
Conference	 (IoP)	 in	 London,	UK,	 and	at	 the	2014	and	2016	MRS	Fall	Meeting	&	Exhibit	 in	Boston,	
Massachusetts,	USA.	An	 industrially	available	method	for	 the	rapid	determination	of	NW	electrical	
properties	is	also	discussed	in	detail,	which	was	published	[31].	
Chapter	 6	 discusses	 the	 origin	 and	 effect	 of	 hysteresis	 on	 FET	 devices	 and	 introduces	 the	 only	
available	solution-based	method	for	the	elimination	of	hysteresis.	This	work	was	published	[32].	
Chapter	7	reports	the	first	demonstration	of	using	calix[4]arenes	and	their	derivatives	(resorcarenes)	
as	gas	receptors	on	solid	state	technology	(SiNW	FETs).	An	experimental	analysis	of	the	chemical	FET	
sensors	 for	 BTEX	 sensing	 is	 provided.	A	patent	 application	was	 submitted	based	on	 this	 invention	
(Application	Number:	GB1620234.3).	
Chapter	8	provides	a	conclusion	of	 the	previous	chapters	 (2-7)	and	outlines	 the	 future	work	plans	
towards	chemical	sensing.				
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2	
Background	
	
2.1 Introduction	to	Printed	and	Flexible	Electronics	
The	market	of	flexible	and	printed	electronics	(plastic	electronics)	 is	growing,	forming	a	new	era	in	
this	 technologically	 advanced	world,	with	 potentially	 great	market	 expectations.	 The	 term	 ‘Plastic	
Electronics’	refers	to	the	integration	of	printed	electronic	devices	and	flexible	substrates,	which	can	
be	ultrathin	and	environmentally	friendly,	thus	abandoning	the	rigid	and	brittle	Si	chips	and	creating	
a	 new	 generation	 of	 innovative	 products	 (Figure	 2.1).	 According	 to	 strategic	 business	 analysts	 at	
IDTechEX,	 the	 market	 of	 printed	 and	 flexible	 electronics	 (including	 organics,	 inorganics	 and	
composites)	is	estimated	to	increase	to	$73.69	billion	by	2025,	highlighting	the	importance	and	high	
demand	 for	 this	 high-tech	 market,	 and	 at	 the	 same	 time	 creating	 new	 applications	 with	 unique	
features	[1].	
Figure	2.1	–	Application	landscape	of	printed	and	flexible	electronics	by	2020	[2].	
	
The	 history	 of	 flexible	 electronics	 goes	 back	 to	 1967,	 when	 the	 first	 flexible	 Si	 solar	 cell	 was	
fabricated	on	a	100	micro-metre	flexible	plastic	substrate	[3].	The	creation	of	the	first	flexible	Thin-
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Film-Transistor	 (TFT)	 started	 a	 year	 later,	 in	 1968,	 when	 Brody	 et	 al.	 [4]	 made	 the	 first	 ‘paper	
tellurium	 (Te)	 TFT’,	 following	 with	 TFTs	 on	 Mylar	 sheets,	 on	 Kapton	 strips	 and	 on	 anodised	
aluminium	wrapping	 foil.	 In	 the	 same	 year,	 Brody	 and	his	 group	built	multi-stage	 amplifiers,	 logic	
circuits	 and	 oscillators,	 all	 with	 flexible	 transistors	 [4].	 Since	 then,	 plastic	 electronic	 technologies	
have	 boomed,	 attracting	 the	 interest	 of	 major	 research	 laboratories	 and	 rapidly	 entering	 the	
commercial	world.		
Printed	 electronics	 promptly	 replaced	 the	 traditional	 and	 mature	 micro	 and	 nanofabrication	
techniques	 (i.e.	 photolithography).	 The	 utilisation	 of	 various	 printing	 techniques	 on	 flexible	
substrates	 has	 enabled	 the	 fabrication	 of	 lightweight	 devices,	 low	 manufacturing	 costs,	 low	
temperature	 processing	 steps,	 and	 fast	 fabrication	 processes	 suitable	 for	 the	 production	 of	
electronic	devices	on	a	roll-to-roll	basis	for	industrial	applications.		
	
	
	
Figure	 2.2	 –	 (a)	 The	 fully	 elastic	 and	 transparent	 Nokia	Morph	 concept	 mobile	 phone	 [5].	 (b)	 Samsung	 OLED-based	
flexible	smartphone	showcased	at	the	annual	Flexible	and	Printed	Electronics	Conference	2013	Flex,	in	Phoenix,	Arizona,	
USA	[6].	
	
Flexible	 substrates,	 such	 as	 polymide	 films	 (Kapton),	 polyester	 films	 (PET,	 PEN,	 PEEK)	 and	 Teflon	
films	 (known	 as	 PTFE),	 provide	 a	 high	 degree	 of	 mechanical	 flexibility	 (can	 be	 bent,	 rolled,	 and	
potentially	 folded),	 portability	 and	 compatibility,	 have	 the	 ability	 to	 be	 wrapped	 into	 complex	
shapes,	 can	be	disposed	and	 cover	all	 types	of	 industrial	 applications,	while	dramatically	 reducing	
carbon	 footprint.	 Some	 of	 the	 most	 demanding	 applications	 in	 this	 field	 are	 sensors	 [7],	 battery	
technologies	 [8,	9],	solar	cells	 [10],	RFIDs	[11],	antennas	[12],	 light-emitting	diodes	(LEDs)	 [13]	and	
other	displays	[14].	The	first	prototype	of	a	flexible	and	rollable	electronic	device	was	a	pocket-size	
e-reader,	 revealed	 by	 Philips	 in	 2005	 [15].	 Three	 years	 later,	 the	 Nokia	 Research	 Center	 (NRC)	 in	
collaboration	with	the	Cambridge	Nanoscience	Center	(UK)	unveiled	a	concept	phone,	called	Morph	
(Figure	2.2,	a).	Morph	was	a	flexible,	stretchable	and	transparent	device,	able	to	change	shapes	and	
roll-up	 to	 be	 worn	 around	 the	 wrist,	 thus	 providing	 a	 conceptual	 showcase	 for	 the	 future	
(a)	 (b)	
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applications	of	nanotechnology	[5].	Following	Nokia’s	concept,	Samsung	revealed	their	wearable	and	
flexible	smartphone,	which	can	also	be	wrapped	around	the	wrist,	as	shown	in	Figure	2.2	(b)	[16].					
Printing	 is	 highly	 linked	 with	 the	 patterning	 of	 metal	 structures	 on	 flexible	 and	 non-flexible	
substrates,	as	well	as	 the	use	of	semiconducting	organic	materials	 for	 the	 fabrication	of	TFTs	 [17].	
However,	 inorganic	 semiconducting	materials	 (i.e.	NWs)	are	also	attractive	 candidates	 for	printing	
applications,	 due	 to	 their	 unique	 physical	 and	 mechanical	 properties.	 They	 can	 be	 solution-
processed	 as	 ‘functional	 inks’	 and	 printed	 onto	 flexible	 substrates,	 forming	 functional	 devices.	
Therefore,	 high	 vacuum	 demands	 and	 high	 temperature	 fabrication	 processes	 are	 eliminated,	
opening	possibilities	for	novel,	flexible,	and	large-area	electronic	applications.			
Printing	 techniques	 are	 categorised	 into	 mass-printing	 (flexographic,	 gravure,	 offset	 and	 screen	
printing)	 and	 high-resolution	 printing	 (ink-jet	 printing,	 aerosol	 jet).	 The	 main	 difference	 between	
these	 two	 categories,	 with	 regards	 to	 their	 mechanical	 operation,	 is	 that	 mass-printing	 applies	
pressure	 to	 the	 substrate	 during	 ink	 transfer,	 whereas	 high-resolution	 printing	 is	 a	 non-impact	
technique	(no-pressure	applied)	[18].		
Ink-jet	printing	is	a	non-impact	technique	mainly	used	for	the	fabrication	of	organic	devices,	such	as	
Organic	Field-Effect	Transistor	(OFET)	and	Organic	Light	Emitting	Diode	(OLED)	displays.	However,	it	
can	also	be	used	for	the	deposition	of	the	metal	source/drain	(s/d)	contacts	of	 inorganic	FETs,	and	
be	combined	with	solution-processed	NW	deposition	methods.	The	ability	to	produce	fine	lines	and	
thin	 layers	 with	 a	 range	 of	 metal-nanoparticles	 (Ag,	 Cu,	 Ni,	 Au)	 available	 for	 printing	 sets	 ink-jet	
printer	 as	 an	 attractive	 technology	 for	 nanofabrication.	 The	 potential	 of	 producing	 low-cost	
electronic	 devices	 rapidly	 is	 mainly	 attributed	 to	 digital	 imaging,	 which	 eliminates	 the	 multiple	
processes,	 prints	 materials	 only	 in	 the	 required	 areas	 (drop-on-demand),	 requires	 low-cost	
equipment,	materials	and	infrastructure	costs,	and	does	not	involve	high-energy	radiation	and	high	
processing	temperatures	as	seen	in	photolithography.	Additionally,	master	patterns	(shadow	masks	
which	are	used	 in	photolithography)	 that	are	expensive,	 fragile,	and	un-alterable,	are	not	needed,	
since	 the	 mask	 design	 (drawing	 data)	 can	 be	 changed	 digitally	 through	 computer	 software	 (CAD	
program)	and	enhance	the	experimentation	with	different	patterns	[18].	
The	main	challenges	of	ink-jet	printing	include	the	adjustment	of	ink	viscosity,	ink	concentration,	ink	
spreading	and	ink	drying,	whereas	the	solvent	system	to	the	nozzle	can	control	the	shape,	thickness	
and	morphology	of	the	dried	droplets	[18].	
	
2.2 Introduction	to	Nanowire	Field-Effect	Transistors	as	a	Transducer	
The	 NW	 FET	 devices	 are	 the	 strongest	 candidates	 in	 sensor	 technologies,	 due	 to	 their	 unique	
physical	 properties	 and	 low	operating	power	 that	 enable	 their	 direct	 integration	with	 the	existing	
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complementary	 metal-oxide-semiconductor	 (CMOS)	 technology.	 Moreover,	 their	 geometry	 can	
provide	 extreme	 miniaturisation,	 enabling	 their	 potential	 compatibility	 to	 a	 plethora	 of	 portable	
technologies,	such	as	smartphones	and	tablets.		
SiNW	FETs	are	miniature	transducers,	capable	of	converting	the	chemical	 interactions	taking	place	
on	a	NW	surface	into	an	electrical	signal.	The	conversion	of	the	physical	signal	is	performed	by	the	
transducer.	The	ability	to	modify	the	NW	surface	with	receptors	for	various	gas	sensing	applications,	
as	 well	 as	 their	 real-time	 detection	 and	 high-sensitivity,	 set	 the	 FET	 devices	 as	 the	main	 sensing	
platforms	for	future	applications.	
SiNW	FETs	can	be	fabricated	following	plastic	and	printed	electronic	approaches,	as	discussed	in	the	
previous	sections.	Using	solution-processed	methods	(i.e.	printing)	NW	FETs	enter	various	attractive	
markets,	where	 low-cost	 and	 fast	 production	processes	 are	 key	 components	 for	 being	 industrially	
scaled-up	and	meeting	the	demands	of	market	adoption.		
Even	 though	 we	 are	 in	 the	 early	 days	 of	 printed	 and	 flexible	 electronics,	 the	 fast	 growth	 and	
increased	interest	accelerates	the	penetration	of	NW	FET	transducers	into	the	industrial	world.		
	
2.3 Silicon	Nanowires:	Synthesis	and	Properties	
2.3.1 Introduction	
SiNWs	 are	 used	 for	 the	 formation	 of	 the	 conducting	 channel	 of	 FET	 devices.	 The	 quality	 of	 their	
performance	 is	 tremendously	 important	 for	 sensing	 applications	 -	 the	 higher	 the	 quality	 of	 the	
semiconducting	 channel,	 the	 better	 the	 sensitivity	 and	 efficiency	 of	 the	 SiNW	 FET	 sensor.	
Additionally,	devices	assembled	with	high-quality	nanostructures	require	less	power	to	operate.	The	
quality	 of	 the	 semiconducting	 channel	 is	 expressed	 in	 terms	 of	 sub-threshold	 swing	 (s-s),	 current	
on/off	ratio	(ION/OFF),	mobility	(μ)	and	output	current	(Iout);	these	terms	are	discussed	in	section	2.4.4.	
Currently,	 the	 only	 NW	 synthesis	 technique	 which	 can	 be	 realistically	 scaled-up	 for	 industrial	
applications	 is	 the	 Supercritical	 Fluid-Liquid-Solid	 (SFLS)	 technique,	 developed	 by	 Prof.	 Korgel’s	
research	group,	University	of	Texas	at	Austin,	Texas,	USA.	Other	synthesis	techniques,	which	cannot	
produce	high	amounts	of	NW	materials	because	of	their	growth	technology,	are	also	available.	In	the	
following	 sections,	NW	 synthesis	 techniques	 are	discussed,	with	 emphasis	 on	 the	 importance	 and	
challenges	 of	 the	 SFLS	 technique,	 the	 properties	 of	 the	 SiNWs	 and	 their	 applicability	 as	 building	
blocks,	and	the	various	NW	assembly	techniques.	
	
2.3.2 Silicon	Nanowire	Synthesis:	VLS	vs.	SFLS	
Among	the	various	mechanisms	for	growing	NWs,	the	two	methods	discussed	in	this	thesis	are	the	
Vapour-Liquid-Solid	 (VLS)	 and	 the	 SFLS.	 On	 both	 mechanisms,	 gold	 (Au)	 seeds	 are	 used	 due	 to	
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several	 technical	 advantages,	 such	 as	 commercial	 availability	 in	 various	 diameters,	 availability	 of	
evaporation	 systems	 equipped	 with	 Au	 in	 most	 research	 institutes,	 high	 chemical	 stability	 (slow	
oxidisation-rate	in	air	environment)	and	low	safety	requirements,	as	Au	is	not	toxic	[19].		
	
	
	
	
	
Figure	2.3	-	VLS	growth	mechanism	of	SiNWs.	(a)	Schematic	of	VLS	SiNW	growth	using	Au	catalyst	seed.	The	diameter	of	
the	 catalyst	 defines	 the	 growth	 diameter	 of	 the	 NW.	 (b)	 Illustration	 of	 the	 three	 kinetic	 steps	 for	 NW	 growth:	 1)	 Si	
precursor	(SiH4)	decomposition	at	the	vapour-liquid	interface,	2)	diffusion	of	the	Si	atoms	through	the	catalyst	droplet,	
3)	growth	of	the	liquid-solid	interface	of	the	SiNW	[20].	(c)	Schematic	of	Au-Si	phase	diagram	[19],	(d)	Scanning	Electron	
Microscope	(SEM)	images	of	SiNWs	grown	on	n-Si	<111>	surface	[21].	
	
The	most	widely	studied	method	for	NW	growth	is	the	VLS	method,	which	is	the	most	rational	and	
tunable	method	 for	 growing	high-quality,	 single-crystalline	 semiconducting	 structures,	with	 a	 high	
degree	 of	 precision	 in	 the	 physical	 properties,	 as	 proposed	 by	Wagner	 and	 Elis	 in	 1964	 [22].	 The	
name	VLS	refers	to	the	fact	that	Si	passes	from	the	vapour	phase,	through	a	liquid	droplet,	to	solid.	
This	method	 is	widely	used	for	generating	1-D	structures	 (synthesised	as	single-crystals)	of	various	
inorganic	materials,	 including	elemental	 semiconductors	 (Si,	Ge	and	B),	 III-V	semiconductors	 (GaN,	
GaAs,	GaP,	InP,	InAs)	II-VI	semiconductors	(ZnS,	ZnSe,	CdS,	CdSe)	and	oxides	(ZnO,	MgO,	SiO2)	[23].	
In	 this	 technique,	Au	 catalysts	 (particles)	 are	deposited	on	 a	 substrate	 (i.e.	 Si)	 and	heated	 at	 high	
temperatures,	above	the	eutectic	point	 (lowest	melting	point	of	about	363	°C	 [19])	 (Figure	2.3,	c),	
forming	small	liquid	Au-Si	alloy	droplets	on	the	substrate	surface,	known	as	‘islands’	(Figure	2.3,	a).	
When	the	substrate	is	exposed	to	a	gaseous	Si	precursor,	such	as	tetrachloride	(SiCl4)	or	silane	(SiH4),	
the	 Si	 supply	 from	 the	 gas	 phase	 is	 adsorbed	 on	 the	 catalyst	 droplet,	 causing	 the	 droplet	 to	
10 µm 
(d)	(c)	
(a)	 (b)	
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supersaturate	with	Si	(Figure	2.3	b).	By	continuing	this	process,	Si	is	forced	to	diffuse	from	the	liquid	
and	start	growing	atop,	forming	a	wire	(Figure	2.3,	d)	[22,	24].	The	contribution	of	the	catalyst	is	very	
important,	 since	 it	 provides	 a	 rough	 surface	 for	 precursor	 adsorption	 and	 decomposition.	
Additionally,	 it	 operates	 as	 a	 crystallisation	 solvent	 supporting	 semiconductor	 crystal-lattice	
formation	 and	 hence,	 NW	 growth.	 If	 the	 precursor	 decomposition	 was	 un-catalysed,	 then	 the	
formation	of	amorphous	semiconductor	would	complete	the	VLS	NW	growth	[25].	
The	advantage	of	this	technique	 is	the	uniformity	and	precise	control	of	the	diameter	of	the	NWs,	
largely	determined	by	the	size	of	the	catalyst,	which	remains	unchanged	during	the	growth	process.	
This	means	that	smaller	catalysts	should	yield	thinner	NWs	[23].	The	 length	of	the	crystal	depends	
on	the	supply	of	the	precursor,	and	 it	 is	continuously	growing	until	discontinued	[25].	Also,	mono-
dispersed	 single-crystalline,	 and	 ideally	 defect-free,	 NWs	 can	 be	 grown	 via	 the	 VLS	 method,	
highlighting	its	important	contribution	to	high-quality	nanostructures.	
VLS	can	be	carried	 in	various	configurations,	 including	Chemical-Vapour-Deposition	 (CVD)	 [24]	and	
laser	ablation	method	 [26].	CVD	adopts	 the	philosophy	of	VLS	mechanism	 for	 the	growth	of	high-
quality,	1-D	semiconducting	NWs,	with	exceptional	control	of	the	diameter	of	the	NW	[24].		
An	 alternative	 method	 for	 growing	 1-D	 semiconducting	 structures	 is	 based	 on	 a	 solution-phase	
synthesis	method	called	Solution-Liquid-Solid	(SLS),	developed	by	Buhro	and	co-workers	in	1995.	The	
SLS	 process	 is	 analogous	 to	 VLS,	 but	 can	 grow	 micrometre	 scale	 (or	 larger)	 structures	 at	 low	
temperatures,	 without	 using	 a	 substrate	 to	 accommodate	 the	 NW	 growth,	 thus	 overcoming	 the	
inability	of	VLS	to	be	scaled-up	to	an	industrial	 level	[27].	Based	on	the	SLS	technique,	Prof.	Korgel	
and	co-workers	 from	the	University	of	Texas	at	Austin,	Texas,	USA,	developed	the	SFLS	synthesis	 -	
the	 most	 promising	 NW	 growth	 technique	 -	 which	 can	 realistically	 provide	 large	 quantities	 of	
semiconducting	 NWs	 (Si,	 Ge)	 in	 high	 temperature	 supercritical	 fluids	 (higher	 than	 SLS),	 under	 a	
particular	pressure	(Figure	2.4,	b)	[27].	
The	SLFS	growth	mechanism	is	based	on	the	thermal	degradation	of	the	organosilane	precursor	 in	
the	 presence	 of	 Au	 seeds,	 which	 operate	 as	 ‘crystallisation	 catalysts’,	 i.e.	 Au	 seeds	 help	 to	 drive	
crystallisation	to	<111>	orientation	(Figure	2.4,	a	and	Figure	2.5,	f)	[28].	The	NWs	used	in	this	project	
were	synthesised	using	monophenylsilane	(MPS)	as	the	precursor	solution,	which	converts	>50%	of	
the	Si	into	NWs,	giving	tens-of-mg	quantities	of	NWs	in	a	single	reaction	(Figure	2.4,	b	and	Figure	2.5,	
a-e).	 Both	 the	 precursor	 solution	 (MPS)	 and	 Au	 seeds	 are	 mixed	 with	 a	 preheated	 and	 pre-
pressurised	 toluene	and	then	 injected	 in	 the	reactor	chamber.	The	high	solubility	of	 the	precursor	
and	 the	high	 concentration	of	 the	Au	 seed	particles	 induce	 the	 formation	of	 large	quantities	of	 Si	
single-crystalline	NWs,	since	the	quality	of	the	SiNW	is	related	to	the	decomposition	chemistry	of	the	
precursor.	 The	 decomposition	 of	 Si	 and	 crystal	 formation	 starts	 above	 the	 Au:Si	 eutectic	
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temperature	of	≈360°C	 [27,	29].	The	process	 is	called	SFLS	because	the	temperature	and	pressure	
applied	to	the	Ti	 reactor	 (in	which	the	precursor	 is	passed)	are	well	above	the	critical	 limits	of	the	
solvent	 (toluene).	 According	 to	 Prof.	 Korgel’s	 research	 group	 statistical	 data,	 the	 NWs	 can	 have	
diameters	from	50	to	150	nm	and	lengths	from	10	to	500	μm.	
	
	
	
	
	
	
	
Figure	2.3	–	(a)	Schematic	of	the	SFLS	NW	growth	process.	Thermal	degradation	of	the	gaseous	Si	precursor	results	 in	
free	Si	atoms	that	dissolve	in	the	Au	nanocrystal	until	reaching	a	Si:Au	alloy	supersaturation,	when	Si	is	expelled	from	
the	nanocrystal	as	 crystalline	NW.	This	NW	 is	depicted	with	a	preferred	<111>	orientation	 [30].	 (b)	 SEM	 image	of	Au	
seeded	monophenylsilane	(MPS)	SiNWs	grown	via	the	SFLS	method	–	500	μL	MPS	+	60	μL	Au	nanoparticles	in	solution	
(1.2	mg/mL	in	toluene),	reproduced	with	permission	from	Prof.	Korgel,	University	of	Texas	at	Austin,	Texas,	USA	[31].	
Inset	 image	 shows	 the	 NW	 formulation	 in	 anisole	 (30	 μL	 Au-seeded	MPS	 SiNWs	 in	 3	mL	 anisole,	 ratio	 1:100).	 (c)	 A	
schematic	illustration	of	the	SFLS-grown	MPS	SiNW.	
	
One	of	the	main	characteristics	of	the	SFLS	mechanism	is	the	potential	tunability	of	the	NW	growth.	
By	 increasing	 the	 level	of	 supersaturation	 in	 the	alloy	seed	droplet,	 the	growth	direction	of	<110>	
can	 be	 shifted	 to	 the	 predominant	 growth	 direction	 of	 <111>	 (Figure	 2.5,	 f)	 [27].	 According	 to	
Neophytou	 et	 al.	 [32],	 different	 growth	 directions	 lead	 to	 significant	 differences	 in	 the	 charge	
distribution	 with	 the	 <111>	 transport	 orientation	 of	 p-type	 SiNWs	 providing	 the	 highest	 carrier	
velocities	 suitable	 for	 high	 performance	 applications.	 Additionally,	 a	 thick	 coating	 of	
polyphenylsilane	(in	our	case	MPS)	amorphous	shell	(about	5	to	30	nm),	composed	of	small	amounts	
of	 carbon	and	oxygen,	protects	 the	 single-crystalline	 structure	of	 the	NW	 from	oxidisation	 (Figure	
2.4,	 c	 and	 Figure	 2.5,	 f)	 [29].	 Thus,	 passivation	 and	 functionalisation	 of	 the	 NW	 surface	 are	 not	
needed	 to	 extend	 the	 lifetime	 of	 the	NW	when	 exposed	 to	 atmospheric	 conditions,	 as	 seen	with	
GeNWs	and	SiNWs	synthesised	by	the	decomposition	of	trisilane	(Si3H8)	[27,	33,	34].	
(a)	 (b)	
(c)	
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Figure	2.5	-	MPS	SiNWs	grown	with	Au	nanoparticles	in	benzene	via	SFLS	(a)	photograph,	(b,	c)	SEM	images,	(d-f)	TEM	
images	[29].	
	
2.3.3 The	Importance	and	Challenges	of	SFLS	
The	CVD-grown	NWs	are	not	practical	for	large-area	electronic	applications,	because	the	amount	of	
the	grown	NWs	is	limited	to	the	substrate	size,	and	the	growing	process	is	relatively	expensive.	On	
the	 contrary,	 the	 SFLS	 method	 has	 the	 ability	 to	 tune	 NW	 synthesis	 and	 potentially	 scale-up	 for	
kg/day	production,	suitable	for	industrial	applications.	Additionally,	the	SFLS-grown	NWs	are	coated	
with	an	amorphous	shell	during	the	synthesis,	as	opposed	to	the	native	oxide	shell	of	the	CVD-grown	
NWs.	The	amorphous	shell	helps	to	passivate	the	surface	of	the	NW	when	exposed	to	atmospheric	
conditions,	therefore	hydrofluoric	acid	(HF)	treatment	is	not	vitally	needed	for	the	removal	of	their	
native	 oxide	 layer,	 as	 seen	 with	 the	 CVD-grown	 NWs	 [35-37],	 hence	 the	 formation	 of	 ‘clean’	
semiconductor-electrode	contact	region.			
Unfortunately,	 the	 SFLS	 mechanism	 presents	 several	 challenges	 that	 affect	 the	 electrical	
characteristics	of	 the	NWs	and	 limit	 their	potential	 applications.	According	 to	Tuan	et	al.	 [28,	29],	
MPS	SiNWs	grown	via	SFLS	are	crystalline	diamond	cubic	structures,	with	few	extended	defects	and	
little	 variation	 in	 diameter	 and	 length.	 The	 NWs	 contain	 a	 significant	 amount	 of	 crystallographic	
defects,	such	as	longitudinal	periodic	stacking	faults,	twin-defects	and	crystal	dislocations,	also	seen	
on	 GeNWs	 [27].	 Moreover,	 the	 SFLS	 synthesis	 grows	 non-straight	 NWs	 in	 various	 lengths	 and	
diameters,	 due	 to	 the	 variations	 in	 seed	 particles,	 as	 shown	 in	 Figure	 2.5.	 Lastly,	 unintentional	
residual	carriers	(dopants)	and	seed	particles	on	the	NW	surface	(Au	catalytic	particles)	are	present	
during	 the	 NW	 synthesis.	 All	 these	 factors	 dramatically	 affect	 the	 conductance	 of	 the	 NWs,	 the	
performance	of	the	NW	FETs,	and	most	importantly	the	fabrication	of	reproducible	and	high-quality	
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NW	sensor	devices.	Therefore,	a	NW	solution-based	deposition	method,	which	can	provide	precise	
alignment,	and	at	the	same	time	the	separation	of	semiconducting	NWs	based	on	the	morphological	
and	electrical	properties	(purification	of	NWs),	is	greatly	important.	
	
2.3.4 Silicon	Nanowires	as	Building	Blocks	for	Nanoelectronic	Applications	
Si	is	the	most	abundant	element	in	the	earth’s	crust	and	a	well-studied	semiconducting	material.	Si	
is	 the	 principal	 component	 of	 most	 semiconductor	 devices,	 mainly	 due	 to	 its	 cheap	 price	 and	
semiconducting	properties	at	room	temperature.	Single-crystalline	SiNWs	used	as	bridging	wires,	are	
attractive	components	for	solution-processed	1-D	electronic	devices.	Their	mechanical	and	electrical	
properties,	and	well-understood	material	surface	chemistry	make	them	potential	key	building	blocks	
for	 the	manufacturing	 of	 chemical	 and	 biological	 sensors	 [38-40],	 high-performance	 FETs	 [41-43],	
optical	 devices	 [7,	 44],	 memory	 elements	 [45-47]	 and	 energy	 harvesting	 devices	 [48,	 49].	
Furthermore,	SiNWs	have	the	potential	for	integration	with	the	existing	Si	microelectronic	industry	
(compatibility	with	CMOS	technology).		
The	single-crystalline,	1-D	structure	of	 the	NWs	offers	a	smaller	number	of	defects	per	unit	 length	
than	 the	 bulk	 Si	 [50].	 Also,	 the	 1-D	 structure	 offers	 high	 charge-carrier	mobility	 compared	 to	 the	
amorphous	 Si	 (a:Si),	 since	 the	 1-D	 nature	 is	 considered	 as	 a	 charge-carrier	 transport	 channel	 i.e.	
electrons	travel	only	 in	one	direction	along	the	NW	path	without	diversion.	 In	the	case	of	a:Si,	the	
deep	states,	mostly	consisting	of	Si	dangling	bonds	affect	their	field	effect	mobility	[51].	In	addition,	
the	nature	of	the	1-D,	single-crystalline	NWs	is	favourable	for	the	study	of	the	sensing	mechanism.	
Their	 small	 size	 can	decrease	 the	device’s	 size,	 improve	 the	 integration	 level,	 decrease	 the	power	
dissipation	and	lower	the	cost	[50].	Cui	et	al.	[41],	used	boron-doped	SiNWs	and	demonstrated	the	
highest	hole-mobility	value	of	1350	cm2	V-1	s-1,	compared	to	a:Si	(≈1	cm2	V-1	s-1)	[51],	highlighting	the	
potential	of	SiNWs	in	high	performance	applications.	Note	that	crystalline	defects	in	the	Si	core	can	
scatter	 the	 electron	 transport,	 thus	 the	 growth	 or	 selection	 of	 high-quality	 SiNWs	 with	 minimal	
defects	density	is	highly	important.	
Moreover,	as	seen	in	OFETs,	self-assembled	monolayers	(SAMs)	are	not	needed.	Thiol	SAM	is	used	
to	 facilitate	 charge	 transport	 of	 the	 organic	 semiconducting	 layer	 by	modifying	 the	metal	 surface	
(improving	 its	 work-function/covalent-bonding	 between	 metal-semiconductor)	 to	 improve	 the	
charge	injection	into	the	organic	semiconductor	[52-55].	
SiNWs	 provide	 a	 clear	 advantage	 over	 their	 practical	 use	 when	 compared	 to	 other	 1-D	 solution-
processed	 nanomaterials.	 For	 a	 better	 understanding	 of	 the	 advantages	 of	 using	 SiNWs	 a	
comparison	is	made	with	its	closest	counterparts,	the	singe-walled	carbon	nanotubes	(SW-CNTs).		
Carbon	Nanotubes	(CNTs)	were	discovered	by	Iijima	[56]	in	1991,	but	there	is	only	one	company	in	
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the	 world	 (Nantero)	 that	 has	 invested	 in	 the	 development	 of	 commercial	 products	 using	 CNTs,	
possibly	 suggesting	 their	 incompatibility	 with	 the	 existing	 semiconducting	 CMOS	 technology.	 In	
addition,	 the	high	cost	of	production	and	 the	 inability	of	growing	highly	pure	semiconducting	SW-
CNTs	 (currently	 98%	 semiconducting,	 2%	 metallic,	 produced	 by	 Sigma	 Aldrich),	 thus	 requiring	
separation	processes	between	the	semiconducting	and	metallic	CNTs,	remain	a	challenging	task	for	
the	 fabrication	 of	 reproducible	 and	 low-cost	 FET	 devices.	 SiNWs	 do	 not	 have	 this	 limitation	 since	
they	are	always	semiconducting	by	nature.		
SiNWs	can	be	separated	and	solution-processed	as	‘functional	inks’	for	various	alignment	techniques	
without	 surface-functionalisation	 processes	 to	 make	 them	 soluble,	 as	 seen	 on	 CNTs.	 Due	 to	 the	
hydrophobicity	of	CNTs,	 the	 strong	 tube-tube	 interactions	 tend	 to	aggregate	 into	bundles,	making	
their	 dispersion	 a	 difficult	 process	 requiring	 surfactant	 solvents	 [57].	 The	 adsorption	 of	 the	
surfactant	residuals	(i.e.	sodium	dodecyl	sulfate)	on	the	surface	of	the	CNT	tends	to	cause	poor	FET	
behaviour	(current	instability,	low	on-current	level)	as	reported	by	Zhang	et	al.	[58].		
The	high	surface-to-volume	ratio	of	the	NWs	and	their	surface	chemistry,	which	is	compatible	with	
various	 functionalisation	 processes	 for	 binding	 receptors	 for	 chemical/biological	 sensing	
applications,	 make	 their	 electrical	 properties	 extremely	 sensitive	 to	 species	 adsorbed	 on	 their	
surface,	as	 further	discussed	 in	Chapter	7	 [23].	Due	to	the	 large	surface-to-volume	ratio	of	SiNWs,	
the	 presence	 of	 a	 few	 charged	 macromolecules	 on	 their	 surface	 can	 modulate	 the	 carrier	
distribution	 over	 the	 entire	 cross-sectional	 conduction	 path,	 accelerate	 the	 charge	 accumulation,	
and	improve	the	sensitivity	and	response	velocity	[50,	59].	Also,	the	short	length	of	SW-CNTs	limits	
their	sensing	applications,	since	the	range	of	sensitivity	is	highly	correlated	to	the	magnitude	of	the	
geometry	of	the	exposed	conducting	channel.	Finally,	the	surface	chemistry	of	the	NWs	can	be	easily	
tuned,	making	them	potential	key	building	blocks	for	the	manufacturing	of	chemical	and	biological	
sensing	applications.		
The	 only	 property	 of	 SW-CNTs	 that	 outperforms	 the	 undoped	 (i.e.	 intrinsic)	 SiNWs	 is	 their	 high	
charge-carrier	mobility,	which	 is	 critical	 for	 high	 performance	 FET	 devices.	 However,	 high	 charge-
carrier	mobility	is	completely	irrelevant	with	sensing	applications.			
	
2.3.5 Nanowire	Assembly	Techniques	
This	section	contains	material	published	at	InTech	“Nanowires	–	New	Insights”	[60].	
2.3.5.1 Introduction	
The	 bottom-up	 fabrication	 approach	 in	 nanotechnology	 and	 nanoscience,	 has	 enabled	 the	
exploration	 of	 various	 self-structuring	 processes,	 with	 the	 most	 significant	 area	 being	 the	 self-
assembly	 of	 semiconducting	 NWs	 in	 highly	 ordered	 arrays	 for	 functional	 applications.	 Several	
Chapter	2	 	 											Background	
21		
assembly	 techniques,	 each	 of	 them	 carrying	 their	 own	 particularities,	 have	 been	 developed	 for	
transferring	 the	 semiconducting	 NWs	 on	 the	 microelectrode	 structures	 forming	 the	 conducting	
channel	 of	 the	 FET	 device.	 FET	 devices	 for	 sensing	 applications	 require	 a	 very	 high	 quality	 of	
semiconducting	material,	 in	order	 to	enhance	 the	 sensitivity	and	 the	 rapid	 response	of	 the	device	
during	 chemical	 detection.	 Effectively,	 the	 assembly	 method	 remains	 a	 critical	 challenge	 for	 the	
fabrication	 of	 high-quality	 and	 reproducible	 SFLS	 SiNW-based	 electronic	 devices	 for	 sensing	
applications.		
The	main	 challenges	 in	 self-assembly	 are	 the	 precise	 alignment	 of	 the	 1-D	 nanomaterials	 on	 pre-
defined	 electrode	 areas	 and	 the	 selectivity	 based	 on	 their	 electrical	 properties.	 All	 the	 reported	
assembly	 techniques,	 including	 Langmuir	 Blodgett	 (LB)	 [61],	 Blown-Bubble	 films	 (BBF)	 [62],	 flow-
directed	 assembly	 [63],	 electrostatic	 interactions	 [64]	 and	mechanical	 shear	 forces	 [65],	 with	 the	
exception	 of	 dielectrophoresis	 (DEP)	 [66],	 provide	 no	 control	 on	 the	NWs’	 lateral	 alignment,	with	
their	 electrical	 properties	 remaining	 mainly	 unexplored,	 limiting	 their	 applicability	 in	 high-
performance	 functional	 devices	 for	 large	 area	 electronic	 applications.	 DEP	 is	 the	 most	 widely	
studied,	experimented	and	analysed	technique	for	the	self-alignment	of	nanoparticles	and	 it	 is	the	
only	available	solution-based	deposition	method	that	can	provide	direct	separation	and	alignment	of	
nanomaterials	 in	 suspension	based	on	 their	electrical	properties.	 Thus,	DEP	operates	as	a	 filtering	
mechanism	 for	 poly-dispersed	 SFLS	 SiNWs.	 In	 this	 section,	 various	 NW	 assembly	 techniques	 are	
briefly	 reviewed	 and	 their	 advantages	 and	 disadvantages	 are	 discussed.	 The	 basic	 principles	 of	
operation	 of	 DEP	 and	 roll-cast	 alignment	 techniques	 are	 described	more	 thoroughly,	 as	 they	 are	
used	for	the	fabrication	of	the	SiNW	FETs	in	this	project.		
	
2.3.5.2 Langmuir-Blodgett	(LB)	Assembly	
LB	is	a	very	powerful	technique	for	the	alignment	of	a	high-density	array	of	parallel	nanostructures,	
with	a	precise	 spacing	down	 to	1	nm	scale	 [67].	 The	method	was	 first	 reported	by	Kim	et	al.	 [68]	
(using	barium	chromate	nanorods)	who	was	inspired	by	the	centuries-old	technique	for	transporting	
timber	through	rivers	[69].	The	research	has	also	been	adapted	and	developed	by	other	researchers,	
including	Lieber’s	group:	Tao	et	al.	[61]	(using	AgNWs)	and	Whang	et	al.	[70]	(using	SiNWs).	In	the	LB	
technique	 the	 surfactant-wrapped	 NWs	 (e.g.	 1-octadecylamine,	 abr.	 ATO)	 are	 dispersed	 on	 the	
water	surface	of	a	LB	trough.	Due	to	the	impartial	solubility	of	the	surfactant	in	the	water,	the	NWs	
are	floating	on	the	surface	of	the	trough.	Then,	computer-controlled	barriers	positioned	at	the	edges	
of	 the	 LB	 trough,	 slowly	 compress	 the	NWs	 to	 a	higher	density	 at	 the	 surface	 (Figure	2.6,	 a).	 The	
density	 of	 the	monolayer,	which	 is	 characterised	 as	NW-by-NW	 stacking,	 is	mainly	 limited	 by	 the	
amount	of	the	suspended	NWs,	and	their	direction	of	alignment	is	dictated	by	the	barriers	of	the	LB	
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trough.	 This	 action	 causes	 NWs	 to	 re-orient	 themselves	 and	 align	 parallel	 to	 the	 trough	 barriers,	
forming	a	highly	dense	monolayer	(Figure	2.6,	b,	c).	The	parallel	NWs	can	then	be	transferred	to	a	
substrate,	 such	 as	 Si	wafer	 (Figure	 2.6,	 b-g).	 This	 technique	 is	 applicable	 in	 large-area	 electronics,	
however,	it	is	difficult	to	control	the	NW	alignment	yield	and	reproducibility	in	the	alignment	on	top	
of	 the	 FET	 s/d	electrode	 structures	 [61,	 70].	Also,	 the	 formation	of	high-density	parallel	 arrays	on	
non-rigid	surfaces	for	flexible	electronic	applications,	such	as	plastics,	is	still	questionable.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	 2.6	 -	 (a)	 A	 schematic	 of	 the	 LB	 method	 [69].	 (b,	 c)	 SEM	 images	 of	 GeNWs	 deposited	 on	 a	 Si	 wafer	 [61].	 (d)	
Patterning	of	parallel	NW	arrays	processed	by	photolithography.	(e)	SEM	image	of	the	patterned	parallel	NWs	(10	μm	x	
10	μm).	 (f)	 Patterning	of	 crossed	NW	arrays	processed	by	photolithography.	 (g)	 SEM	 image	of	 the	patterned	 crossed	
NWs	(10	μm	x	10	μm)	[70].	
	
2.3.5.3 Blown-Bubble	Films	(BBF)	Assembly	
The	 BBF	 assembly	 technique	 is	 able	 to	 provide	 uniformly	 aligned	 and	 density-controlled	 NWs	 by	
utilising	a	bubble	expansion	process,	as	proposed	by	Lieber’s	group	[62].	
The	surface	of	the	nanomaterials	is	chemically	functionalised	and	then	mixed	with	epoxy	resin.	For	
example,	 SiNWs	 are	modified	 using	 5,6-epoxyhexyltriethoxysilane,	 dispersed	 into	 tetrahydrofuran	
(THF),	transferred	to	a	known	mass	of	epoxy	resin	and	then	mixed	until	homogeneous.	Afterwards,	a	
bubble	 is	 expanded	 from	 the	nanomaterial	 solution	at	 a	 controlled	direction	and	 speed,	 and	 then	
transferred	to	the	substrates,	to	yield	well-defined	nanomaterial-incorporated	thin	films	(Figure	2.7,	
a).	The	alignment	of	the	nanomaterials	is	mainly	attributed	to	the	shear	stress	present	in	the	epoxy	
fluid	 during	 the	 bubble	 expansion	 process.	 The	 viscosity	 of	 the	 homogeneous	 solution	 is	 the	 key	
parameter	for	the	uniform	distribution	of	nanomaterials	in	the	resulting	bubble	films	(Figure	2.7,	b,	
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c).	This	technique	provides	a	dense	and	uniform	NW	distribution,	with	a	good	control	of	orientation	
and	high-density	alignment	of	a	variety	of	nanomaterials	(i.e.	SiNWs,	CdsNWs,	SW-CNTs,	MW-CNTs),	
suitable	for	large-area	applications	and	applicable	to	both	rigid	and	flexible	substrates	(Figure	2.7,	d).	
However,	 BBF	 requires	 a	 large	 sample	 volume	 of	 NWs	 (mL),	 the	 epoxy	 resin	 used	 in	 the	 process	
needs	to	be	removed	in	order	to	define	electrical	contacts	for	FET	applications,	and	it	is	difficult	to	
control	the	number	of	the	aligned	NWs	across	the	s/d	FET	electrodes	[62].	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.7	-	Schematic	of	the	BBF	technique	(a)	BBF	mechanism,	(i)	nanomaterials	are	dispersed	in	polymer	solution,	(ii)	
the	 solution	 is	 expanded	 as	 a	 bubble	 using	 a	 die,	 (iii)	 uniformly	 aligned	 nanomaterials	 are	 transferred	 to	 different	
substrates:	 crystalline	wafers,	 plastics,	 curved	 surfaces	 and	open	 frames	 [67].	 (b,	 c)	 Illustration	of	 the	BBF	 expansion	
process	and	 the	migration	of	nanomaterials	 in	 the	bubble	 film	 [62].	 (d)	Optical	 image	of	6-inch	Si	wafer	with	aligned	
SiNWs	(scale	bar:	10	μm)	[67].	
	
2.3.5.4 Flow-Directed	Assembly	
Another	assembly	method,	which	can	 form	parallel	and	cross-NW	geometries,	 is	 the	 flow-directed	
assembly	through	microfluidic	channels.	
In	this	process,	a	microfluidic	channel	structure	is	formed	between	the	polydimethylsiloxane	(PDMS)	
mould	and	a	flat	substrate,	to	facilitate	adsorption	of	the	NW	solution	(Si/SiO2	modified	with	amine	
functionality	using	3-aminopropyltriethoxysilane,	abr.	APTES).	Assembled	arrays	of	NWs,	formed	by	
passing	the	suspended	NWs	through	the	microfluidic	channels,	are	aligned	along	the	flow	direction.	
The	 shear	 flow	near	 the	 surface	of	 the	 substrate	 immobilises	 the	NWs	and	aligns	 them	along	 the	
flow	(Figure	2.8).	At	high	flow-rates,	larger	shear	forces	are	produced	and	lead	to	better	alignment.	
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Using	the	flow-directed	assembly,	the	density	of	the	alignment	can	be	increased	by	controlling	the	
NW	 concentration	 in	 the	 liquid	 and	 adjusting	 the	 flow-rate	 of	 the	 suspended	 NW	 solution.	 This	
technique	provides	a	controlled	NW	density	and	 flexibility	 to	meet	complex	device	configurations,	
but	 the	 alignment	 is	 suitable	 only	 for	 NWs	 with	 diameter	 <15	 nm,	 requires	 the	 fabrication	 of	
microfluidic	 channels,	 is	 unable	 to	 be	 scaled-up	 to	 large	 wafers	 and	 it	 is	 difficult	 to	 control	 the	
number	of	the	aligned	NWs	across	the	s/d	FET	electrodes	[63,	67].	
	
	
Figure	2.8	–	Schematic	of	the	flow-directed	assembly	technique	(a)	A	microfluidic	channel	is	formed	in	the	PDMS	stamp	
allowing	the	flow	of	the	NW	suspension.	(b)	Multiple	crossed	NW	arrays	can	be	obtained	by	changing	the	flow	directed	
sequentially	 in	a	 layer-by-layer	assembly	process.	 (c)	SEM	image	of	parallel	arrays	of	 InPNWs	aligned	by	channel	 flow	
[63].	
	
	
2.3.5.5 Electrostatic	Interaction	Assembly	
The	electrostatic	interaction	method	was	developed	by	Hong	and	co-workers	[64]	and	relies	on	the	
electrostatic	 interactions	 of	 the	 positively	 charged	 surfaces	 of	 the	 semiconducting	 nanomaterials	
with	the	negatively	charged	surface	of	the	substrate.		
The	 SiNWs	 are	 functionalised	with	 amine-terminated	 APTES	 SAMs	 and	well-dispersed	 in	 aqueous	
solution	(Figure	2.9).	Then,	the	SiNWs	are	deposited	on	negatively	charged	substrates	(i.e.	SiO2)	with	
octadecyltrichlorosilane	 (OTS)	 patterns.	 Therefore,	 the	 positively	 charged	 NWs	 are	 attracted	 and	
aligned	by	the	negatively	charged	surface	regions	of	the	substrate.	This	technique	is	able	to	prepare	
arbitrarily	shaped	patterns	using	conventional	microfabrication	facilities;	nonetheless	it	requires	the	
removal	of	the	APTES	SAM	on	the	SiNWs	with	BOE	(buffer	oxide	etch)	etching	process	[64].	
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Figure	 2.9	 –	 An	 illustration	 of	 (a)	 the	 sample	 preparation	 of	 the	 functionalised	NW	 and	 (b)	 the	 assembly	method	 of	
SiNWs	[64].	
	
2.3.5.6 Mechanical	Shear	Forces	(Contact	Printing)	Assembly	
A	similar	version	to	contact	printing	was	developed	by	Fan	et	al.	[65],	which	utilises	the	shear	forces	
generated	by	mechanically	sliding	two	solid	surfaces,	giving	a	high	order	of	assembled	NWs.	In	this	
method	 two	 substrates	 are	 needed,	 namely	 the	 donor	 and	 the	 receiver	 substrate.	 The	 donor	
substrate	 consists	 of	 a	 dense	 ‘lawn’	 of	 NWs,	 while	 the	 receiver	 is	 coated	 with	 lithographically	
patterned	 resist.	 The	method	 is	based	on	a	 contact	printing	process	by	 sliding	 the	 surfaces	of	 the	
two	substrates	against	each	other	under	gentle	pressure	(Figure	2.10,	a).	Also,	 lubricant	 is	used	to	
minimise	 the	 NW-NW	 mechanical	 friction	 and	 their	 uncontrolled	 breakage	 during	 the	 sliding	
process.	During	the	process,	NWs	are	transferred	from	the	donor	substrate	to	the	receiver	substrate	
by	the	van	der	Waals	 interactions,	 resulting	 in	the	direct	alignment	of	a	dense	monolayer	array	of	
NWs	 (Figure	2.10,	b-e).	 This	 enables	 the	well-controlled	 transfer	of	NWs,	due	 to	 chemical	binding	
interactions	between	the	NW	and	the	surface	of	the	receiver	substrate.	After	the	NW	transfer,	the	
photo-resist	patterned	regions	are	removed	by	a	standard	lift-off	process.		
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Figure	2.10	–	(a)	A	schematic	illustration	of	the	contact	printing	method.	(b)	Optical	image	of	the	assembly	of	GeNWs	(d	≈30	 nm)	 on	 a	 Si/SiO2	 substrate.	 (c,	 d)	 Optical	 images	 of	 a	 cross-assembly	 printing	 of	 SiNWs	 (d=≈30	 nm).	 (e)	 Printed	
GeNWs	(d=≈30	nm)	on	a	4-inch	Si/SiO2	wafer,	including	an	SEM	image	of	the	printed	NWs	[65].	
	
This	technique	offers	the	ability	to	transfer	monolayer	arrays	of	a	variety	of	NWs	on	both	rigid	and	
flexible	 substrates	with	 a	well-controllable	NW	density.	 The	 disadvantage	 of	 this	 technique	 is	 the	
control	of	 the	number	of	aligned	NWs	across	 the	s/d	FET	electrodes,	and	the	 tendency	of	NWs	to	
break	during	the	transfer	process	[65,	67].	
	
	
2.3.5.7 Dielectrophoretic	(Electric	Field	Assisted)	Assembly		
Electric	 field	 assisted	 assembly	 -	 using	 the	 techniques	 of	 dielectrophoresis	 (DEP)	 and	 electro-
orientation	 -	 is	 the	 most	 widely	 studied,	 experimented	 and	 analysed	 technique	 for	 the	 self-
alignment	of	nanoparticles,	as	it	is	a	very	powerful	method	for	manipulating	nanoscale	particles	and	
precisely	 depositing	 them	 on	 pre-defined	 electrode-structures	 for	 the	 fabrication	 of	 functional	
devices.	DEP	occurs	when	a	particle	 is	 subject	 to	 a	non-uniform	electric	 field	 (AC)	 and	 its	 charges	
separate	and	accumulate	at	 the	surface,	 forming	a	dipole	 (interaction	between	the	 induced	dipole	
and	the	applied	field).	When	the	dielectrophoretic	force	(FDEP)	acting	on	the	nanoparticles	(i.e.	NWs)	
exceeds	 the	 action	 of	 Brownian	 motion,	 it	 positions	 them	 in	 the	 gap	 of	 the	 adjacent	 electrodes	
(Figure	2.11).	If	Brownian	motion	is	large	enough,	the	particles	escape	[71].	
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Figure	2.11	–	(a)	Graphical	illustration	of	dielectrophoretic	assembly.	(b)	Optical	image	of	NW	assembly	on	eight	multi-
finger	electrode	arrays	a	 total	of	96	sites	 (scale	bar:	200	μm).	 (c)	Precision	alignment	of	NWs	on	a	single,	 sense	array	
(scale	bar:	20	μm).	(d)	Deep	ultraviolet	(DUV)	image	of	a	NW	aligned	on	a	single	electrode	(scale	bar:	4	μm)	[66].	
	
	
For	many	years,	 the	principal	method	 for	positioning	nanomaterials	 for	nanoelectronic	 fabrication	
was	the	random	scattering	of	NWs/NTs	across	a	substrate	and	the	patterning	of	electrodes	on	top	of	
them.	Nanomaterials	assembled	between	the	electrodes	by	chance,	provided	a	low	degree	in	device	
reproducibility.	By	dielectrophoretically	manipulating	the	nanomaterials,	these	challenges	have	been	
successfully	 solved.	 The	 first	 demonstration	 of	 DEP	 for	 the	 fabrication	 of	 nanoelectronic	 devices	
using	NWs	was	 proposed	 by	Duan	et	 al.	 [72]	 from	Harvard	University,	Massachusetts,	USA.	Duan	
reported	the	fabrication	of	a	light	emitting	diode	(LED)	device	using	an	electric	field	(i.e.	DEP)	for	the	
assembly	of	the	p-	and	n-doped	InPNWs	on	crossed	junction	electrodes.	
The	dielectrophoretic	force	(FDEP)	exerted	on	a	NW	is	conceptually	 illustrated	by	Freer	et	al.	 [66]	 in	
Figure	2.12	(a,	b).	The	main	working	principle	of	DEP	is	based	on	the	balancing	forces	between	NW-
NW	electrostatic	interactions	known	as	repulsive	forces	(FR),	the	dielectrophoretic	force	(FDEPx,	FDEPz)	
and	the	opposing	hydrodynamic	drag	forces	 (FD).	When	the	NW	flows	through	the	channel	and	 its	
trajectory	falls	in	the	region	where	high	electric	field	is	applied	(electrode	edge),	it	polarises	and	the	
inherent	charges	separate	forming	a	dipole.	Therefore,	the	NW	is	attracted	(self-assembled)	to	the	
electrode	gap	by	means	of	diectrophoretic	force	(FDEP),	the	magnitude	of	which	depends	on	voltage,	
frequency,	material	and	solvent	properties,	and	electrode	geometry.	When	the	diectrophoretic	force	
(FDEPx)	is	balanced	with	the	hydrodynamic	drag	force	(FD)	-	caused	by	the	fluidic	flow	-	the	NW	hovers	
on	 top	of	 the	 electrode	 gap	 and	becomes	 trapped,	 as	 seen	 in	 Figure	 2.12	 (b).	 The	 aggregation	of	
NWs	 in	 the	 electrode	 area	 is	 avoided	 by	 means	 of	 repulsive	 forces	 (FR),	 known	 as	 NW-NW	
electrostatic	interactions	[66].		
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Figure	 2.12	 –	 Illustration	 of	 DEP	 assembly	 process	 of	 NWs.	 (a)	 Top	 view	 showing	 that	 NWs	 become	 trapped	 at	 the	
electrodes	when	the	dielectrophoretic	force	(FDEPx)	balances	the	hydrodynamic	drag	force	(FD)	on	the	NWs.	The	repulsive	
force	 FR	 and	 the	 dielectrophoretic	 force	 perpendicular	 to	 the	 long	 axis	 of	 the	 NW	 FDEPy,	 determine	 the	 separation	
between	the	NWs.	(b)	Side	view	showing	that	NWs	hover	above	the	electrodes	if	the	repulsive	force	between	the	NW	
and	the	surface	(FEDL)	is	larger	than	the	dielectrophoretic	force	pulling	the	NWs	towards	the	surface,	FDEPz,	and	the	van	
der	Waals	force,	FVDW	[66].		
For	 cylindrical	 nanomaterials,	 the	 dielectrophoretic	 force	 (FDEP)	 can	 be	 approximated	 to	 that	 of	 a	
long	prolate	(cigar	shape)	ellipsoid,	given	by	Equation	2.1	[66,	73,	74]:	
	
Equation	2.1	 	 	 FDEP= 2Lπr23 εmRe Kf ∇E2	 	 (N)		
where,	 r	 is	 for	 radius	and	L	 is	 for	 length,	εm	 is	 the	permittivity	of	 the	 fluid	medium	and	∇E!	is	 the	
gradient	of	the	local	applied	electric	field.	Kf		(Clausius-Mossotti	factor)	is	given	by	
!!!!!!! 	for	the	long	
axis	 (needle)	 where	 the	 relative	 permittivity	 is	 expressed	 by	 the	 complex	 combination	 of	
conductivity	(σ),	permittivity	(ε)	and	angular	velocity	of	the	electric	field	(ω)	as	ε! = ε − j !!! 	for	the	
particle	and	ε! = ε − j !!! 	for	the	medium.	
(a)	
(b)	
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According	to	the	Equation	2.1,	the	deposition	of	NWs	across	the	electrodes	depends	on	the	Clausius-
Mossotti	 factor	(CMF)	and	the	electric	field	gradient,	which	greatly	depends	on	the	morphology	of	
the	electrodes.		
The	CMF	Re[Kf]	can	take	either	positive	or	negative	values.	CMF	is	frequency	dependent,	since	the	
polarisability	of	the	particle	and	the	medium	is	dependent	on	the	frequency	of	the	electric	field.	The	
magnitude	of	Re[kf]	depends	on	whether	the	particle	 is	more	or	 less	polarisable	than	the	medium.	
Based	on	that,	it	is	possible	for	a	particle	to	experience	either	positive	or	negative	dielectrophoresis,	
according	 to	 the	 frequency	of	 the	applied	electric	 field.	This	 can	 interact	with	 the	direction	of	 the	
dielectrophoretic	force	(FDEP).	 If	the	value	of	Re[Kf]	 is	positive,	the	particle	 is	more	polarisable	than	
the	medium,	hence	it	moves	towards	the	region	of	the	highest	electric	field	(in	the	electrode	gap).	
This	 is	called	positive	dielectrophoresis	(pDEP).	 If	the	value	of	Re[Kf]	 is	negative,	the	particle	 is	 less	
polarisable	 than	 the	 medium,	 the	 electric	 field	 is	 distorted	 around	 the	 particle,	 and	 the	 induced	
dipole	orients	in	the	opposite	direction.	Consequently,	the	value	of	the	dielectrophoretic	force	(FDEP)	
is	 negative,	 repelling	 the	 particle	 from	 regions	 of	 a	 high	 electric	 field.	 This	 is	 called	 negative	
dielectrophoresis	(nDEP).	A	crossover	frequency	separates	the	pDEP	and	nDEP	[71].	
The	 pDEP	 and	 nDEP	 can	 be	 further	 elaborated	 by	 examining	 the	 induced	 dipole	moments	 of	 the	
medium.	In	that	case,	the	frequency	spectrum	is	divided	into	two	regions;	the	low-frequency	region	
and	 the	 high-frequency	 region.	 In	 the	 low-frequency	 region,	 the	 dipole	 of	 the	 nanoparticle	 has	
adequate	time	per	cycle	to	form,	collapse	and	reform	in	the	opposite	polarity,	following	the	change	
of	 the	 polarity	 of	 the	 electric	 field	 (pDEP	 applies).	 In	 the	 high-frequency	 region,	 the	 ability	 of	 the	
nanoparticle	 to	 form	 a	 dipole	 is	 affected	 by	 the	 fast	 oscillating	 external	 non-uniform	 DEP	 field.	
Therefore,	 the	 induced	 dipole	 does	 not	 form	 in	 any	 significant	 manner	 and	 the	 nanoparticle	 is	
repelled	 from	the	 regions	of	high	electric	 field	 (nDEP	applies).	Additionally,	at	 low	 frequencies	 the	
dipole	is	formed	along	the	long	axis	of	the	NW,	experiencing	pDEP,	which	aligns	its	longest	axis	along	
the	direction	of	the	electric	field.	At	high	frequencies,	the	dipole	 is	formed	across	the	shorter	axis,	
experiencing	nDEP,	which	aligns	the	NW	perpendicular	to	the	field	(rotated	90°).	The	magnitude	of	
the	dipole	formed	at	the	long	axis	is	greater,	due	to	the	greater	separation	between	the	charges.	The	
short	axis	distance	means	the	dipole	moment	is	smaller,	experiencing	a	smaller	force	[71,	74].	
The	pDEP	 and	nDEP	 take	place	because	of	 the	orientation	of	 the	dipole	 (along	 the	 x-	 and	 y-axis),	
which	is	affected	by	the	accumulation	of	charge	in	the	particle/medium	interface.	The	accumulated	
charge	also	depends	on	the	 impedance	of	the	nanoparticles	and	the	applied	frequency.	By	varying	
the	 applied	 frequency,	 the	 relative	 dielectric	 behaviour	 of	 the	 particle	 and	 the	medium	 is	 altered	
leading	to	pDEP	(medium	being	dominated	by	the	particle)	and	nDEP	(particle	being	dominated	by	
the	medium).	In	addition,	by	varying	the	applied	frequency	within	the	region	of	pDEP,	DEP	acts	as	a	
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filtering	mechanism	of	poly-dispersed	semiconducting	NWs	based	on	their	electrical	properties.	Due	
to	 the	 high	 conducting	 properties	 of	 the	 SiNWs,	 only	 pDEP	 should	 be	 experienced	 [71].	 This	
mechanism	is	further	discussed	in	Chapter	5.	
The	density	of	 the	 trapped	NWs	 is	a	 critical	parameter	 for	device	performance,	as	 the	conduction	
state	 current	 is	 directly	 related	 to	 the	 number	 of	 high-quality	 semiconducting	 NWs	 bridging	 the	
electrode	 gap,	 where	 the	 increase	 in	 NW	 numbers	 should	 lead	 to	 higher	 current	 [75].	 The	 NW	
density	 in	 the	electrode	gap	 can	be	adjusted	 through	 the	NW	concentration	 in	 the	 solution	or	by	
varying	 the	 strength	 of	 the	 applied	 electric	 field.	 At	 a	 constant	 flow-rate,	 NWs	 are	 attracted	 by	
means	 of	 pDEP	 to	 the	 points	 (electrode	 surface)	 of	 highest	 electric	 field	 strength.	 Effectively,	 by	
turning	 the	 strength	of	 the	electric	 field	 the	density	of	 trapped	NWs	 is	 controlled.	 The	higher	 the	
electric	field,	the	denser	the	NW	deposition	(Figure	2.13)	[71,	76-78].		
	
	
	
Figure	2.13	–	SiNWs	deposited	on	Au	InterDigitated	Array	(IDA)	electrode	using	pDEP	at	(a)	100	mV,	(b)	1	V,	and	(c)	10	V	
at	a	frequency	of	10	Hz.	According	to	Holmberg	et	al.,	the	frequency	did	not	appear	to	affect	the	NW	deposition.	The	
NW	coverage	on	the	electrodes	was	significantly	influenced	by	the	strength	of	the	AC	field	[76].		
	
The	DEP	method	solves	most	of	the	critical	challenges	of	mono-	and	poly-dispersed	NW	assembly.	
The	advantages	of	using	DEP	as	an	assembly	technique	include	the	following:	
• Dense	and	uniform	monolayer	alignment	(high	degree	of	alignment	yield).	
• NW	deposition	(self-assembled)	on	pre-defined	complex	electrode	structures.	
• Precise	control	of	NW	orientation.	
• Alignment	between	device	electrodes	for	optimum	charge	transport.	
• Detection	 of	 high-quality	 NWs	 from	 suspension	 containing	 NWs	 with	 different	 impurities	
and	electrical	properties	(further	discussed	in	Chapter	5).	
• Selection	of	NW	lengths	relative	to	the	channel	gap.		
• Fabrication	of	reproducible	FET	devices.	
• Alignment	requires	small	sample	volume	of	NWs	(a	few	μL/DEP	alignment).	
The	only	disadvantage	of	the	DEP	method	is	the	extra	fabrication	process	required	for	the	patterning	
of	 the	 bottom	 FET	 dielectrophoretic	 structures	 (s/d	 contacts)	 and	 the	 top	 electrode	 contacts,	 in	
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order	 to	 reduce	 contact	 resistance	 (between	 the	NW	surface	 and	 the	electrode)	 and	 increase	 the	
device’s	current	injection.		
	
2.3.5.8 Roll-Cast	Coating	Alignment	
The	 roll-cast	 coating	 technique	 is	 similar	 to	 the	 doctor-blade	 coating	 technique	 for	 uniformly	
spreading	 the	 solution	 used,	 for	 example	 in	 the	 fabrication	 of	 solar	 cells.	 The	 roll-cast	 technique	
might	not	 give	 the	 amount	of	 reproducibility	 seen	on	DEP,	 but	 it	 provides	 an	 adequate	quality	 of	
monolayer	of	aligned	NWs	for	the	fabrication	of	NW	FETs.	The	technique	is	conceptually	illustrated	
in	Figure	2.14	(a).		
	
Figure	2.14	–	(a)	A	conceptual	illustration	of	the	roll-cast	coating	technique.	(b)	Roll-cast	aligned	SFLS-grown	SiNWs	with	
no	clumps	of	NWs	(cluster).	Arrow	represents	the	direction	of	alignment	[79].			
	
This	technique	provides	a	thin	layer	of	aligned	NWs,	by	spreading	the	NW-formulation	using	a	roller.	
This	ensures	that	the	NW	solution	is	not	circulated	and	spread	around	the	roller,	but	that	it	remains	
on	 the	 surface	 of	 the	 substrate.	 The	 rotational	 force	 of	 the	 roller	 removes	 NW-aggregates	 and	
impurity	 clusters	 from	 the	 NW	 layers	 (clumps	 and	 stacking	 of	 NWs)	 leaving	 behind	 a	 dense	
monolayer	of	NWs	(Figure	2.14,	b).	Also,	the	force	and	pressure	applied	on	the	NWs	during	the	roller	
do	not	damage	or	break	the	NWs.	The	advantage	of	this	technique	over	DEP	is	the	quick	fabrication	
process.	 However,	 the	 rapid	 consumption	 of	 the	 NW	 formulation	 for	 providing	 a	 descent	 NW	
alignment	is	the	main	limitation	of	this	technique	[79].		
2.4 Silicon	Nanowire	Field-Effect	Transistors		
2.4.1 Introduction	
Simply	 speaking,	 a	 transistor	 is	 a	 transfer-resistor.	 It	 is	 a	 three	 terminal	 device,	 which	 acts	 as	 an	
electrical	switch	that	can	be	turned	on/off	depending	on	the	voltage	applied	to	the	gate	electrode.	
The	famous	observation	from	Gordon	Moore,	 the	 ‘Moore’s	Law’,	states	that	the	transistor	density	
on	integrated	circuits	doubles	about	every	two	years	[80].	His	projection	is	still	applied	today,	with	
(a)	
(b)	
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transistors	 becoming	 smaller	 and	 cheaper.	 In	 order	 to	 keep	 up	with	 ‘Moore’s	 law’,	 the	 electronic	
industry	 has	 downsized	 the	 transistors,	 gradually	 reaching	 the	 nanoworld.	 This	 achievement	 has	
developed	a	new	architecture	for	device	fabrication	and	the	progress	in	the	semiconductor	industry	
is	dominated	by	Gordon	Moore’s	projection.	
Since	the	invention	of	the	first	transistor	at	Bell	Laboratories	by	John	Bardeen,	Walter	Brattain	and	
William	 Shockley	 in	 1947,	 transistors	 have	 faced	 an	 enormous	 development,	 increasing	 their	
complexity	 and	 impact	 on	 the	 electronic	 industry.	 Some	 of	 their	 applications	 include	 sensors,	
transistors	as	the	driving	circuit	for	displays,	signal	amplification,	memories	and	logic	gates.	Also,	the	
aggressive	 downscale	 of	 transistors	 arouses	 new	 challenges,	 such	 as	 the	 investigation	 of	 new	
materials	(i.e.	NWs,	NTs)	and	the	development	of	new	device	architectures.		
In	the	following	sections,	the	working	principle	and	the	main	extraction	parameters,	as	well	as	the	
most	remarkable	research	highlights	(state-of-the-art)	of	the	SiNW	FETs,	are	discussed.	
	
2.4.2 Working	Principle	of	Silicon	Nanowire	Field-Effect	Transistors	
An	 FET	 is	 regarded	 as	 a	 voltage	 control	 device,	 which	means	 that	 it	 acts	 as	 a	 switch,	 due	 to	 the	
application	of	a	voltage.	The	principle	of	operation	of	a	NW	FET	device	is	similar	to	the	Metal-Oxide-
Semiconductor	FET	(MOSFETs),	however,	many	differences	exist	between	the	two	devices.		
The	fabrication	process	of	MOSFETs	includes	top	down	fabrication	techniques,	ion	implantation	for	
the	 formation	 of	 the	 desired	 gate	 and	 s/d	 contacts	 in	 the	 device	 regions,	 extended	 standard	
photolithographic	 steps,	 high	 temperature	 annealing	 around	 (900-1000°C),	 masking,	 multiple	
etching	steps,	stripping,	and	thermal	oxidisation	of	the	Si	substrate	for	the	formation	of	SiO2	layer.	
All	these	steps	use	a	significant	amount	of	energy	and	waste	lots	of	chemicals	[81].	However,	SiNW	
FETs	 follow	 the	 printed	 electronics	 approaches,	 which	 include	 bottom-up	 fabrication	 techniques,	
fast	fabrication	processes,	and	solution-processed	and	printing	methods	for	s/d	formation	and	NW	
deposition	 using	 low-cost	 techniques.	 Also,	 MOSFETs	 use	 a	 metal-oxide-semiconductor	 as	 an	
insulating	layer	(usually	SiO2),	while	in	NW	FETs	the	traditional	SiO2	gate	insulator	has	been	replaced	
with	a	wider	range	of	insulating	layers,	including	the	high-k	dielectrics	[82].	Also,	a	MOSFET	is	a	four-
terminal	 device	 (source,	 drain,	 gate	 and	 body	 –	 with	 the	 source	 electrode	 and	 body	 connected	
together),	whereas	the	NW	FET	is	a	three-terminal	device	(source,	drain,	gate).	Moreover,	instead	of	
the	 3-D	 bulky	 semiconducting	 materials	 (i.e.	 a:Si)	 forming	 the	 conducting	 channel,	 as	 seen	 on	
MOSFETs,	the	NW	FETs	use	1-D	semiconducting	NWs.	Using	1-D	instead	of	3-D	nanostructures,	the	
electrons	move	freely	along	the	NW	only	 in	 the	x-direction,	but	are	confined	 in	 the	y	and	z	plane.	
Additionally,	 MOSFETs	 are	 unipolar	 whereas	 NW	 FETs	 are	 bipolar	 (i.e.	 they	 can	 be	 intrinsic	 and	
operate	 as	 n-	 and	 p-type	 semiconductors).	 NW	 FETs	 operate	 in	 the	 accumulation	 mode,	 not	 in	
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inversion	mode	as	seen	with	MOSFETs.		Their	s/d	contacts	are	not	doped	(i.e.	n+	for	p	type	as	seen	in	
MOSFETs),	but	they	are	metal/semiconductor	type	where	Ohmic	behaviour	becomes	vital.	Thus,	 in	
NW	FETs	there	are	no	p-n	junctions	at	the	s/d	regions,	as	seen	with	MOSFETS,	and	the	conducting	
channel	is	matched	between	the	semiconductor	(valence	or	conduction	band)	and	the	work-function	
of	the	s/d	metal	[83,	84].	Concluding,	accumulation	mode	(AM)	FETs	(i.e.	SiNW	FETs)	show	enhanced	
sensitivity	 (larger	 VTh	 shift	 values)	 compared	 to	 the	 conventional	 inversion	 mode	 (IM)	 FETs	 (i.e.	
MOSFETs),	as	a	result	of	their	different	conduction	mechanism.	In	bottom-gated	AM	FETs,	current	is	
not	 only	 confined	 to	 the	 bottom	 surface	 of	 the	 semiconductor,	 as	 seen	 in	 IM	 FETs	 (following	 a	
specific	 path),	 but	 the	 charge-carriers	 flow	 through	 the	 whole	 bulk	 region	 [85-87].	 Since	 the	
detection	 sensitivity	 relies	 on	 the	 relative	 distance	 between	 the	 NW	 surface	 (bottom)	 and	 the	
charged	target	molecules	(located	at	the	top)	for	AM	FETs,	the	target	molecules	do	not	necessarily	
need	 to	 directly	 affect	 the	 (bottom)	 surface	 channel.	 This	 fundamental	 difference	 improves	
sensitivity	[85].		
In	this	work,	bottom-gated	p-type	FETs	are	fabricated,	as	they	can	be	further	optimised	for	sensing	
applications.		
A	 bottom-gated	 p-type	 SiNW	 FET	 is	 conceptually	 illustrated	 in	 Figure	 2.15.	 Bottom-gated	
configuration	means	that	the	gate	electrode	is	positioned	underneath	the	semiconducting	channel.	
The	s/d	contacts	and	gate	electrode	are	connected	to	a	negative	voltage	source.	The	voltage	applied	
on	the	s/d	contacts	allows	the	current	flow	(ID)	from	the	source	to	the	drain	when	the	gate	voltage	
(VG)	 is	 at	 a	 certain	 voltage	 (above	VTh).	 By	 adjusting	 the	negative	 voltage	applied	on	 the	gate	 (VG)	
across	 a	 dielectric	 interface,	 the	 density	 of	 the	 charge-carrier	 can	 be	 modulated.	 By	 gradually	
increasing	 the	 gate	 voltage	 (i.e.	 from	 0	 to	 -40	 V	 in	 -5	 V	 steps),	 an	 accumulated	 layer	 of	 charge-
carriers	on	the	NW	surface	at	the	insulator-NW	interface	forms	a	conducting	channel,	i.e.	a	current	
flow.	 Thus,	 by	 modulating	 the	 gate	 voltage	 relative	 to	 a	 grounded	 source,	 the	 current	 flow	 is	
controlled;	in	other	words,	the	resistance	of	the	conducting	path	changes.	The	principle	of	operation	
is	based	on	the	depletion	and	accumulation	region	of	the	charge-carriers	of	the	semiconducting	NW,	
by	 applying	 a	 negative	 voltage	 (for	 p-type	 FETs)	 bias	 on	 the	 gate	 electrode.	 For	 n-type	 FETs,	 a	
positive	 voltage	 is	 applied	 on	 both	 drain	 and	 gate	 electrodes	 (source	 contact	 is	 grounded).	 Also,	
there	are	no	p-n	junctions	at	the	s/d	contacts,	as	seen	on	MOSFET	devices,	since	the	semiconductor	
can	be	either	n-type	or	p-type.		
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Figure	2.15	–	A	conceptual	illustration	of	a	bottom-gated	p-type	SiNW	FET	showing	the	biasing	configuration	as	used	in	
this	work.		
2.4.3 Electrostatics:	Energy-Band	Diagrams	
2.4.3.1 Charge-Carrier	Accumulation	
In	 this	 section,	 the	 metal-insulator-semiconductor	 (MIS)	 is	 used	 to	 describe	 the	 change	 of	 band	
diagrams	on	a	semiconductor	under	a	bias.	
The	MIS	structure	corresponds	to	a	capacitor	where	the	only	charges	that	can	exist	in	the	structure	
under	biasing	conditions	are	those	in	the	semiconductor,	and	there	 is	no	carrier	transport	through	
the	insulator	under	DC	biasing	conditions	i.e.	the	resistivity	of	the	insulator	is	infinite	[84].	
Figure	 2.16	 illustrates	 the	 effect	 of	 the	 band	 bending	 for	 n-type/p-type	 semiconductors	 under	
different	gate	biasing	(VG)	conditions.	Considering	a	p-type	semiconductor,	when	a	negative	voltage	
(VG<0	V)	 is	applied	 to	 the	gate	electrode	 (metal	plate),	 the	valence-band	edge	 (EV)	bends	upwards	
near	the	surface	and	is	closer	to	the	Fermi	 level	(Figure	2.16,	a).	This	case	 is	called	 ‘accumulation’,	
which	causes	a	gathering	of	the	majority	carriers	(holes)	near	the	semiconductor	interface.	When	a	
positive	 voltage	 (VG>0	 V)	 is	 applied	 to	 the	 gate	 electrode,	 the	 bands	 bend	 downwards,	 and	 the	
majority	carriers	(holes)	are	depleted,	which	is	the	‘depletion’	case	(Figure	2.16,	b).	When	a	higher	
positive	voltage	is	applied	(VG>>0	V),	the	bands	bend	downwards	so	that	the	intrinsic	level	Ei	at	the	
surface	crosses	over	the	Fermi	level	EF	(Figure	2.16,	c).	When	the	minority	carriers	(electrons)	at	the	
surface	are	 larger	 than	 the	majority	 carriers	 (holes),	 the	 surface	 is	 inverted	and	 this	 case	 is	 called	
‘inversion’.	 The	 same	 process	 is	 observed	 for	 n-type	 semiconductors	when	 applying	 the	 opposite	
polarity	[84].	
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Figure	2.16	–	Energy-band	diagrams	for	ideal	MIS	capacitors	under	different	bias,	for	the	conditions	of	(a)	accumulation,	
(b)	depletion,	and	 (c)	 inversion.	Top/bottom	figures	are	 for	p-type/n-type	semiconductor	 substrates.	Ei,	EF,	EC,	and	EV	
represent	the	intrinsic	Fermi,	Fermi,	conduction,	and	valence	levels	of	the	semiconductor,	respectively	[84].	
	
2.4.3.2 Barrier	Height	
In	 Figure	 2.17,	 the	 barrier	 height	 formation	 between	 the	 metal	 and	 the	 semiconductor	 are	
discussed.	The	 figure	below	considers	an	 ideal	 semiconductor	 (without	surface	states	which	affect	
the	 barrier	 height)	 coming	 in	 close	 contact	 with	 a	 high	 work-function	 metal,	 which	 leads	 to	 the	
formation	 of	 a	 barrier	 within	 their	 interface.	 The	 magnitudes	 of	 both	 metal	 and	 semiconductor	
work-functions	 determine	 whether	 an	 Ohmic	 contact	 or	 a	 Schottky	 barrier	 is	 being	 formed.	 A	
Schottky	barrier	 impedes	charge-carriers	 from	crossing	over	 from	the	metal	 to	the	semiconductor,	
thus	 limiting	 the	current	 flow.	The	barrier	 is	 responsible	 for	controlling	 the	current	conduction,	as	
well	as	its	capacitance	behaviour	[84].	
	
	
	
	
	
(a)	 (b)	 (c)	
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Figure	 2.17	 –	 Energy-band	 diagrams	 of	 metal-semiconductor	 contacts.	 Metal	 and	 n-type	 semiconductor	 (a)	 are	
separated,	(b)	connected	into	one	system	with	a	gap	δ,	(c)	connected	with	a	reduced	gap	and	(d)	connected	in	a	system	
without	a	gap.	q=electronic	 charge,	Φm=metal	work-function,	χ=semiconductor	electron	affinity,	ΦBn=effective	barrier	
height,	W=depletion	width,	 EC,	 EF,	 and	 EV	 represent	 the	 conduction,	 Fermi	 and	 valence	 levels	 of	 the	 semiconductor,	
respectively	[84].		
The	ideal	case	of	a	metal-semiconductor	(n-type)	system	is	illustrated	in	Figure	2.17,	where	surface	
states	 and	 other	 anomalies	 are	 not	 included.	 The	 work-function	 (Φm)	 is	 the	 energy	 difference	
between	the	vacuum	level	(EVAC)	and	the	Fermi	level	(EF).	Figure	2.17	(a)	shows	the	electronic	energy	
relation	of	a	high	work-function	metal	and	an	n-type	semiconductor,	which	are	not	in	contact.	As	the	
distance	 (δ)	 between	 the	 metal	 and	 the	 semiconductor	 decreases	 (Figure	 2.17,	 b-d),	 thermal	
equilibrium	 is	 established	 (similar	 to	 the	 case	 of	 p-n	 junction),	 the	 gap	 becomes	 transparent	 to	
electrons,	and	the	Fermi	levels	on	both	sides	are	lined	up.	Thus,	the	Fermi	level	in	the	semiconductor	
is	lowered	by	an	amount	equal	to	the	difference	between	the	two	work-functions.	An	electric	field	in	
the	 junction	 is	 formed	 causing	 the	 bands	 of	 the	 semiconductor	 to	 bend	 upwards.	 Also,	 a	 barrier	
height	 (qΦBn0)	 for	 electrons	 flowing	 from	 the	 metal	 to	 the	 semiconductor	 is	 formed,	 due	 to	 the	
difference	between	the	metal	work-function	and	the	electron	affinity	of	the	semiconductor	[84].	In	
reality,	 these	expressions	are	never	met	because	the	work-function	 is	sensitive	to	solvent	residues	
used	throughout	the	fabrication	processes.	Also	imperfections	at	the	interface,	dangling	bonds,	and	
the	 sub-stoichiometric	 oxide	 layers	 covering	 the	 semiconducting	 materials	 form	 a	 thin	 insulating	
interface	layer	(δ).		
The	s/d	contacts	are	defined	metals	with	specific	work-functions	according	to	the	Femi	level	of	the	
semiconducting	NW.	The	work-function	of	the	metal	and	the	Fermi	 level	of	the	semiconductor	are	
very	important	for	the	performance	of	the	FET	device.	In	this	work,	Au	and	palladium	(Pd)	are	used	
as	 the	 s/d	 contacts	of	 the	 FET	device	because	 they	 favour	hole	 transport,	 as	 opposed	 to	 electron	
transport	 of	 the	 intrinsic	 SiNWs.	 The	 work-function	 of	 Au	 (Φm=5.1	 eV)	 and	 Pd	 (Φm=5.40	 eV)	 are	
almost	matching	 the	 valence	 band	 (EV)	 edge	 (5.17	 eV)	 of	 SiNWs,	 forming	 a	 low	barrier	 height	 for	
(a)	 (b)	 (c)	 (d)	
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holes	in	the	Au-	Pd-	Si	system	(injection	barrier	from	Au	is	minimal).	In	addition,	in	air-measurements	
the	SiNW	FETs	show	preferential	hole	transport	due	to	possible	trapping	of	electrons	on	NW	surface.	
The	conducting	channel	of	the	NW	FET	is	composed	of	metal	s/d	contacts	and	the	semiconducting	
NW.	Thus,	 two	Schottky	diodes	are	 formed,	one	at	 the	source	and	 the	other	at	 the	drain	 regions.	
Therefore,	 this	 configuration	 forms	 a	 metal-semiconductor-metal	 (MSM)	 system,	 which	 is	
conceptually	illustrated	in	Figure	2.18.	It	is	worth	noting	how	the	Fermi	levels	(EF)	of	the	metal	and	
the	semiconductor	align.	The	amount	of	bending	is	proportional	to	the	difference	of	the	metal	work-
function	(Φm)	and	the	semiconductor	work-function	(Φs)	[84].	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.18	-	Energy	band	diagrams	for	a	metal-semiconductor-metal	(MSM)	system	for	n-type	(left)	and	p-type	(right)	
semiconductor.	 (a)	 In	 thermal	 equilibrium,	 (b)	 after	 the	 application	 of	 a	 voltage	 bias	 VD	 (positive	 for	 the	 n-type	 and	
negative	 for	 the	 p-type	 semiconductors)	 to	 the	 drain	 contact	 with	 respect	 to	 the	 source	 contact.	 φBn1,	 φBp1	 are	 the	
barrier	heights	at	the	source	contacts	in	the	n-	and	p-type	semiconductors,	φBn2,	φBp2	are	the	barrier	heights	at	the	drain	
contact	in	the	n-	and	p-type	semiconductors	[88].	
	
Even	 though	 in	 this	work	 both	 Au	 and	 Pd	metals	 are	 used	 for	 the	 formation	 of	 the	 s/d	 contacts,	
forming	 Ohmic	 contacts,	 they	 are	 regarded	 as	 Schottky	 barriers	 because	 of	 the	 very	 low	 barrier	
height.	
Figure	2.18,	shows	the	band	structure	of	a	MSM	system,	which	depends	on	the	material	properties.	
When	 the	 metal	 is	 brought	 into	 contact	 with	 the	 semiconductor,	 their	 Fermi	 levels	 align,	 under	
thermal	equilibrium.	Until	the	two	Fermi	levels	align,	charge-carriers	(electrons	and	holes)	flow	into	
the	metal-semiconductor,	similar	to	the	case	of	a	p-n	junction	(net	charge	is	zero).	When	a	voltage	
bias	(VD>0	V,	VG=0	V)	is	applied	to	the	drain	contact	with	respect	to	the	source	contact	(Figure	2.16,	
b),	 a	 band	 bending	 occurs	 establishing	 the	 build-in	 potential	 or	 Schottky	 barrier	 height	 for	 the	
charge-carriers.	 The	 Fermi	 levels	 of	 the	MSM	are	misaligned,	 causing	 the	 formation	of	 an	 electric	
field	in	the	junction	region,	which	in	turn	causes	the	energy	bands	of	the	Si	to	bend	upwards	for	p-
(a)	
(b)	
Chapter	2	 	 											Background	
38		
type	and	downwards	for	n-type.	The	barrier	becomes	more	rounded	and	the	height	is	reduced	with	
the	 increasing	 electric	 field.	 The	 reduction	 of	 the	 width	 of	 the	 barrier	 enhances	 the	 flow	 of	 the	
charge-carriers	 and	 effectively	 increases	 the	 carrier	 transport.	 In	 theory,	 both	 source	 and	 drain	
metals	are	the	same;	effectively	the	MSM	system	should	be	symmetric	[84].	
	
2.4.3.3 Current	Transport	Process	
The	 charge	 transport	 in	 a	 metal-semiconductor	 system	 flows	 due	 to	 the	 majority	 carriers	 in	 the	
semiconducting	 material.	 The	 three	 conduction	 mechanisms	 (transport	 processes)	 are:	 (1)	
thermionic	emission	(TE)	over	the	barrier	-	obtained	at	moderate	temperatures	(e.g.	300	K),	(2)	field-
emission	(FE)	near	the	Fermi	level,	and	(3)	thermionic-field	emission	(TFE)	at	an	energy	between	TE	
and	FE.	FE	 is	a	pure	tunnelling	process,	whereas	TFE	 is	the	tunnelling	of	thermally	excited	carriers,	
which	 perceives	 a	 thinner	 barrier	 than	 FE.	 Tunnelling	 becomes	 significant	 at	 heavily	 doped	
semiconductors	 and/or	 low	 temperature	 operations.	 Additionally,	 at	 high	 electric	 field,	 barrier	
lowering	occurs,	enhancing	the	thermionic	emission	-	injection	of	hot	carriers	[84].	
For	 high-mobility	 semiconductors,	 such	 as	 Si,	 the	 thermionic	 emission	 theory	 is	 the	 dominant	
transport	process.	 	 It	should	be	noted	that	quantum	confinement	effects	are	not	significant	 in	this	
work	due	to	the	large	diameter	of	the	NWs	(for	SFLS-grown	30	(±10)	nm,	for	CVD-grown	60	(±5)	nm).	
Consequently,	the	effective	mass	of	the	charge-carriers	remains	the	same	as	the	bulk	Si.	In	addition,	
quantum	confinement	 takes	place	when	 the	quantum	wire	has	a	diameter	below	10	nm	 [89,	 90].	
According	 to	 Trivedi	 et	 al.	 [89],	 for	 sub-50	 nm	 SiNWs,	 significant	 quantum	 confinement	 can	 be	
observed	at	ultralow	temperatures	or	drain	bias,	but	no	quantum	effects	have	been	observed	under	
normal	operating	conditions	i.e.	at	room	temperature	and	under	sufficient	drain	bias	(mV	range).	In	
this	 project,	 tunnelling	 behaviours	 can	 be	 neglected	 since	 they	 are	 applicable	 for	 single	 electron	
transistors	and	CNT	based	nanoelectronic	devices	[91].	
	
2.4.4 Field-Effect	Transistor	Parameters	Extraction	and	Definitions	
In	 this	 section,	 the	most	 important	parameters	 for	 the	extraction	of	 the	performance	and	sensing	
characteristics	 of	 a	 chem-FET	 (chemical-FETs)	 are	 discussed.	 Figure	 2.19	 illustrates	 a	 typical	 (a)	
transfer	characteristic,	(b)	transconductance	(gm),	(c)	output	characteristic	plot	and	(d)	the	hysteresis	
of	a	p-type	SiNW	FET	device.	These	electrical	measurements	were	performed	using	a	Keithley	4200	
Semiconductor	Characterisation	System	(SCS)	in	a	N2-filled	glove	box.	
The	transfer	characteristic	is	obtained	by	grounding	the	source	terminal	(Vs=0	V),	applying	a	voltage	
bias	to	the	drain	terminal	(VD≠0	V)	and	sweeping	the	gate	voltage	(VG).	The	output	characteristic	 is	
obtained	 by	 grounding	 the	 source	 terminal	 (Vs=0	 V),	 applying	 a	 voltage	 bias	 to	 the	 gate	 terminal	
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(VG≠0	V)	and	sweeping	the	drain	voltage	(VD).	Multiple	scans	at	different	voltages	were	obtained	for	
both	characteristic	plots.	For	p-type	FET	characteristics,	negative	biasing	values	were	assigned	to	the	
terminals.	On	the	contrary,	 for	n-type	FETs	positive	biasing	values	were	assigned	 to	 the	 terminals.	
The	transfer	plot	in	Figure	2.19	(a,	d)	was	obtained	at	VD=-0.5	V	and	VG	swept	from	+10	to	-40	V	(in	
500	mV	steps).	The	output	plot	in	Figure	2.19	(c)	was	obtained	at	VG=0	to	-40	V	(in	-5	V	steps)	and	VD	
swept	from	0	to	-0.5	V.	
	
Figure	2.19	 –	A	 typical	 (a)	 transfer	 characteristic,	 (b)	 transconductance	 (gm),	 (c)	 output	 characteristic	 plot	 and	 (d)	 the	
hysteresis	(ΔVTh)	of	a	p-type	SiNW	FET	device	fabricated	during	this	project.	
	
2.4.4.1 Threshold/Turn-on	Voltage	
The	threshold	(VTh)	voltage	-	extracted	from	the	linear	plot	-	articulate	the	gate	bias	(VG)	that	starts	
to	induce	conduction	channel	in	the	NW	FET	(Figure	2.19,	a).	Simply	speaking,	VTh	is	the	point	where	
the	device	starts	to	turn-on.	The	value	of	VTh	can	be	 limited	by	the	work-function	mismatch	of	the	
metal-semiconductor	and	the	unintentional	residual	carriers	(dopants)	present	in	the	NW	during	the	
synthesis.	The	equation	of	the	threshold	voltage	is	given	by	Equation	2.2	[92]:	
	
(b)	
(c)	 (d)	
(a)	
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Equation	2.2	 	 	 	 VTh=VFB±Vresidual	 	 (V)	 	 		
where,	VFB	is	the	forward	bias	voltage	and	Vresidual	is	the	magnitude	of	voltage	that	must	be	applied	to	
the	gate	in	order	to	sweep	away	the	residual	carriers	(can	be	either	positive	or	negative).	Vresidual	 is	
given	 by	 V!"#$%&'( = ± !!!!!"!! ,	 where	 no	 is	 the	 number	 of	 residual	 carriers.	 In	 this	 work,	 the	
threshold	voltage	 (VTh)	 is	extracted	 from	the	 linear	 region	of	 the	drain	current	 (ID)	vs.	gate	voltage	
(VG)	 transfer	 characteristics	 [93],	 by	 finding	 the	 gate	 voltage	 (VG)	 axis	 intercept	 (i.e.	 ID=0	A)	of	 the	
linear	extrapolation	of	the	 ID-VG	characteristics,	as	shown	 in	Figure	2.19	(a).	Origin	2015®	was	used	
(linear	fitting	tool)	for	the	extraction	of	the	threshold	voltage	(VTh)	and	the	error	analysis	due	to	the	
mobility	degradation	effects.	
	
2.4.4.2 Hysteresis	
It	 is	 expected	 that	 the	 threshold	voltage	might	 shift	during	 the	 forward	and	 reverse	 sweep	of	 the	
gate	 voltage	 i.e.	when	 the	 transistor	 is	 driven	 from	 the	 ‘off’	 state	 to	 the	 ‘on’	 state	 and	back.	 This	
effect	 is	attributed	to	the	 long-lived	traps	present	at	the	semiconductor	(SiNW)	and	gate	dielectric	
interface,	which	 cause	 trapping/de-trapping	 of	 the	 charge-carriers	with	 applied	 gate	 voltage	 [94].	
This	magnitude	of	 threshold	 shift	 (VTh_reverse	 and	VTh_forward)	 is	 called	hysteresis	 (ΔVTh).	 The	 intercept	
with	the	x-axis	determines	the	threshold	voltage	(VTh).	The	value	of	hysteresis	 is	given	by	Equation	
2.3:	
	
Equation	2.3	 	 	 	 ΔVTh=!!!!!"#"!$"±!!!!!"#$%#& 	 	 (V)	 	 		
where,	VTh-reverse	and	VTh-forward	are	the	reverse	and	forward	voltage	sweep	threshold	voltages	of	the	
linear	region	of	the	transfer	characteristic	plot,	as	shown	in	Figure	2.19	(d).	Origin	2015®	was	used	
for	the	extraction	of	the	hysteretic	values	(linear	fitting	tool).	
	
2.4.4.3 Sub-threshold	Swing	
The	sub-threshold	(s-s)	region	expresses	how	sharply	the	current	drops	with	gate	bias	(VG)	and	it	is	
massively	 important	 for	 low-voltage,	 low-power	 device	 applications	 i.e.	 how	 quickly	 the	 device	
switches	 ‘on’	 and	 ‘off’	 (switching	 speed).	 The	 sub-threshold	 values	 define	 the	 gate	 voltage	 (VG)	
needed	 to	 increase	 the	current	 in	 the	sub-threshold	 region	by	a	 factor	of	10	 (V/decade).	The	sub-
threshold	swing	is	given	by	Equations	2.4	and	2.5	[84]:	
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Equation	2.4	 	 	 				 s-s= kTq ln 1+ CDCi 	 	 (V/decade)	
	
Equation	2.5	 	 	 	 s-s= ΔVGΔ log ID	 	 	 (V/decade)		
where,	 k	 is	 the	 Boltzmann’s	 constant	 (in	 eV),	 T	 is	 the	 absolute	 temperature	 (in	 Kelvin),	 q	 is	 the	
electron	charge,	CD	is	the	depletion	capacitance	due	to	ionised	donors/acceptors	which	is	replaced	
by	 Cit	 (the	 capacitance	 associated	 with	 the	 surface	 adsorbates	 –	 interface	 traps)	 because	 NWs	
operate	in	the	accumulation	regime,	and	Ci	is	the	capacitance	per	unit	area	(F/cm2).	The	s-s	is	limited	
to	kTq 		(at	300	K)	which	yields	60	mV/decade.	In	this	work,	Equation	2.5	is	used,	and	the	values	were	
extracted	 from	the	 logarithmic	scale,	as	seen	 in	Figure	2.19,	 (a).	Sharp	sub-threshold	swing	 (s-s)	 is	
achieved	when	the	NW	has	low	channel	doping,	thin	oxide	thickness,	low	interface-trap	density	and	
low-temperature	 operation.	 The	 value	 of	 s-s	 must	 be	 as	 low	 as	 possible	 for	 high	 performance	
applications.		
	
2.4.4.4 Transconductance	
The	transconductance	(gm)	measures	the	change	of	the	current	(ID)	with	respect	to	a	change	in	the	
gate	 voltage	 (VG).	 The	 transconductance	 curve	 corresponding	 to	 the	 linear	 transfer	 characteristic	
plot	of	Figure	2.19	(a)	is	illustrated	in	Figure	2.19	(b).	The	point	of	maximum	slope	on	the	ID-VG	curve	
is	determined	by	obtaining	the	maximum	of	the	transconductance	(1st	derivative).	This	value	is	given	
by	Equation	2.6	[84]:	
	
Equation	2.6	 	 	 	 	 gm= dIDdVG	 (S)		
where,	ID	 is	the	drain	current	and	VG	is	the	gate	voltage.	The	transconductance	peak	at	Figure	2.19	
(b)	is	observed	at	10	VG.	By	increasing	the	applied	bias	voltage	(VD),	transconductance	peak	increases	
due	 to	 lower	 Schottky	 barrier	 height.	 	 The	 transconductance	 fall-off	 with	 gate	 occurs	 due	 to	 the	
absence	 of	 s/d	 carrier	 injection.	 By	 increasing	 the	 gate	 voltage	 (VG),	 the	 injected	 carriers	 reach	 a	
saturation	value	causing	a	decrease	of	the	transconductance.		
	
2.4.4.5 Output	Current	
A	typical	output	characteristic	is	shown	in	Figure	2.19	(c).	An	Ohmic	behaviour	is	observed	–	absence	
of	saturation	region	–	which	is	attributed	to	the	continuous	injection	of	hot	carriers	from	the	source	
metal	over	the	Schottky	barrier,	with	the	 increase	of	the	drain	voltage	(VD).	By	 increasing	the	gate	
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voltage	 (VG),	 an	 increase	 in	 the	 output	 current	 (Iout)	 is	 observed	 due	 to	 the	 acceleration	 of	 the	
injected	 hot	 carriers	 towards	 the	 drain	 metal.	 Another	 important	 parameter	 is	 the	 absence	 of	
contact	resistance,	which	is	attributed	to	the	closely	matched	work-function	of	the	s/d	contacts,	the	
valence	band	edge	of	the	semiconductor	and	the	absence	of	residual	carriers	on	the	metal	surface.			
	
2.4.4.6 Current	On/Off	Ratio	
The	ratio	between	ID	in	the	‘off’	state	(no	accumulation	layer)	and	ID	in	the	‘on’	state	(accumulation	
layer	present)	is	called	the	current	on-off	ratio	(ION/OFF).	The	ION/OFF	is	a	measure	of	the	performance	
of	the	FET	as	an	electronic	switch	and	it	should	be	as	high	as	possible.	The	‘off’	state	is	affected	by	
the	s/d	contact	metal,	the	NW	doping	concentration,	and	NW	diameter.	The	‘on’	state	is	affected	by	
the	 NW	 electrical	 properties,	 the	 NW	 density	 aligned	 in	 the	 channel	 area,	 and	 the	 s/d	 contact	
resistance.	The	ratio	is	expected	to	be	around	103-107.	The	current	on/off	ratio	is	extracted	from	the	
logarithmic	transfer	characteristic	plot,	as	seen	in	Figure	2.19	(a).		
	
2.4.4.7 Nanowire-Gate	Coupling	Capacitance	
The	NW-gate	coupling	capacitance	(CNW)	presents	the	total	capacitance	per	unit	length	between	the	
NWs	and	the	gate.	The	cylinder-on-plate	model	was	adopted	for	the	calculation	of	the	capacitance,	
taking	 into	 consideration	 the	 electrostatic	 fringing	 effect,	 which	 increases	 the	 coupling	 area.	 This	
value	is	given	by	Equation	2.7	[42,	95-97]:	
	
Equation	2.7	 	 	 	 CNW=Nx 2πεοεiLcosh-1 rNW+drNW 	 (F)		
where,	CNW	(F)	is	the	total	gate	capacitance,	N	is	the	number	of	NWs	crossing	the	FET	channel,	εo	is	
the	 absolute	 permittivity	 (≈8.85	 x	 10-12	 F	m-1),	 εi	 is	 the	 dielectric	 constant	 of	 the	 gate	 insulator,	 L	
(μm)	is	the	length	of	the	NW	in	the	FET	channel,	rNW	(nm)	is	the	radius	of	the	NW	and	d	(nm)	is	the	
thickness	of	the	gate	dielectric.		
	
2.4.4.8 Nanowire	Field-Effect	Transistor	Mobility	
The	device	mobility	based	on	the	cylinder-on-plate	model	 is	calculated	from	the	linear	scale	of	the	
transfer	characteristic	plot.	This	value	is	given	by	Equation	2.8	[42,	95,	96]:	
	
Equation	2.8	 	 	 	 µ= L2CNW× 1VD×gm	 	 (cm2	V-1	s-1)		 	
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where,	L	(μm)	is	the	length	of	the	NW	in	the	FET	channel,	CNW	(F)	is	the	total	gate	capacitance	based	
on	the	cylinder-on-plate	model	which	takes	into	consideration	the	electrostatic	fringing	effect,	VD	(V)	
is	the	applied	s/d	voltage	and	gm	(S)	is	the	transconductance.		
2.4.5 Silicon	Nanowire	Field-Effect	Transistors:	State-of-the-art	
Since	 the	 proposal	 of	 the	VLS	method	 for	 the	 SiNW	growth	 by	Wagner	 and	 Elis	 [22]	 in	 1964,	 the	
interest	in	SiNWs	as	electronic	materials	was	triggered	by	the	advances	in	microelectronics	and	NW	
growth	 [98]	 by	 Charles	 Lieber	 himself,	 and	 his	 research	 group	 at	 the	 Harvard	 University,	
Massachusetts,	USA.		
The	revival	of	SiNWs	as	building	blocks	for	FET	applications	commenced	in	2001,	when	Cui	et	al.	[99]	
demonstrated	 the	 fabrication	of	 the	 first	 SiNW	FET	 following	 the	bottom-up	approaches.	 In	2003,	
the	same	group	reported	the	highest	measured	hole-mobility	(μh)	in	air	conditions,	of	1350	cm2	V-1	s-1	
boron-doped	 (p-type)	SiNWs	 [41].	 In	 that	particular	 study,	 the	SiNWs	were	deposited	on	a	Si/SiO2	
substrate	 (600	 nm	 thermal	 oxide)	 and	 the	 s/d	 contacts	 -	 separated	 by	 800-2000	 nm	 gap	 -	 were	
formed	with	 electron	beam	 lithography	 and	deposited	 via	 evaporation	 (50	 nm	Ti	 and	 50	 nm	Au).	
Also,	the	FET	device	was	thermally	annealed	at	300-600°C	for	3	minutes	(10%	H2	in	Helium),	for	the	
improvement	of	the	s/d	contact	and	the	passivation	of	the	oxide	defects.	This	study	highlighted	the	
potential	use	of	SiNWs	as	building	blocks	for	future	nanoelectronic	applications.	
Following	 Cui	 et	 al.,	 Duan	 et	 al.	 [42]	 demonstrated	 a	 solution-processed	 assembled	 approach	 of	
SiNWs	 (20	 nm	 in	 diameter)	 for	 high	 performance	 TFTs	 fabricated	 on	 a	 plastic	 substrate	 at	 room	
temperature	-	without	temperature	annealing	process	(Figure.	2.20,	a,	b).	
The	device	exhibited	a	threshold	voltage	(VTh)	of	3	V,	current	on/off	ratio	(ION/OFF)	>105,	sub-threshold	
swing	(s-s)	of	500-800	mV/decade,	transconductance	(gm)	of	0.45	μS	at	VSD	of	-1	V,	on	current	(ION)	
reached	4.5	μA	at	a	VG	of	10	to	-10	V	and	the	hole-mobility	(μh)	was	deduced	to	be	around	123	cm2	
V-1	s-1.	The	output	and	transfer	characteristics	are	shown	in	Figure	2.20	(c)	and	(d)	respectively.	The	
flexibility	 of	 the	 device	was	 also	 tested	 at	 a	 radius	 of	 curvature	 of	 55	mm.	 The	 device’s	 electrical	
behaviour	did	not	significantly	change,	showing	evidence	of	the	mechanical	flexibility	of	SiNWs	and	
their	potential	application	in	plastic	electronics	(Figure	2.20,	d,	red-line)	[42].	
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Figure	 2.20	 –	 SiNW	 TFT	 on	 a	 plastic	 -	 polyetheretherketone	 (PEEK)	 –	 substrate.	 (a)	 Schematic	 diagram	 of	 the	 device	
configuration:	top	view	(top),	cross-sectional	view	(bottom).	(b)	Top:	a	picture	of	plastic	(PEEK)	devices	with	SiNW	TFTs.	
Bottom:	optical	micrograph	of	a	locally	gated	SiNW	FET.	Scale	bar	5	μm.	(c)	Output	characteristic	plot	(IDs	vs.	VDs).	The	
device	was	consisted	of	17	NWs	of	40	nm	diameter,	in	parallel	with	a	6	μm	channel	length	and	3	μm	gate	length.	(d)	The	
linear	transfer	characteristic	plot	(IDs	vs.	VGs)	obtained	at	VDS=-1	V.	Inset:	the	exponential	transfer	characteristic	plot	at	a	
different	scale.	The	red	line	shows	the	transfer	characteristic	after	slight	flexing	of	the	substrate	(radius	of	curvature	55	
mm)	[42].		
In	 2005,	 Lieber	 and	 co-workers	 [100]	 came	 up	 with	 another	 demonstration	 of	 high	 performance	
SiNW	electronics	 fabricated	on	 flexible	 substrates	at	 room	temperature	processing	 (contacts	were	
not	annealed).	Bottom-gated	FETs,	with	a	30	nm	SiO2	acting	as	a	gate	dielectric,	were	fabricated	on	
plastic	substrates.	VLS-grown	p-type	SiNW,	with	diameters	in	the	range	of	20	nm,	were	aligned	using	
the	fluid-directed	assembly	method	[63],	followed	by	a	metallisation	of	80	nm	Pd	for	the	formation	
of	 the	 s/d	 contacts.	 The	device	 exhibited	 threshold	 voltage	 (VTh)	 of	 +0.5	 to	 +1.5	V,	 current	 on/off	
ratio	 (ION/OFF)	of	105,	 sub-threshold	swing	 (s-s)	of	340	mV/decade,	 transconductance	 (gm)	of	340	nS	
and	hole-mobility	(μh)	of	200	cm2	V-1	s-1	(Figure	2.21	a,	b).	Regarding	the	mechanical	flexibility	of	the	
device,	less	than	10%	drop	in	on-current	(ION)	was	observed	when	the	device	was	bent	to	a	radius	of	
curvature	of	0.3	cm,	emphasising	the	robust	nature	of	SiNW	plastic	FETs.		
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Figure	2.21	–	SiNW	FET	on	a	plastic	–	mylar	-	substrate.	(a)	Output	characteristic	plot	(ID	vs.	VD)	obtained	at	VG	from	-5	to	
+3	 V	 (in	 1	 V	 steps).	 Inset:	 SEM	 image	 of	 the	NW	device.	 (b)	 Transfer	 characteristic	 plot	 (ID	 vs.	 VG)	 of	 the	 FET	 device	
measured	at	VD=1	V	before	(blue	curve)	and	after	(red	curve)	a	mechanical	bent	of	a	radius	of	curvature	of	0.3	cm.	Inset:	
photograph	 of	 the	 device	 used	 for	 bending	 the	 flexible	 plastic	 chip	 and	 securing	 it	 during	measurement.	 Dash	 lines	
highlight	the	chip	[100].	
	
The	 latest	 development	 in	 high-performance	 SiNW	 FETs	 came	 by	 Lieber’s	 research	 group	 in	 2008	
[62].	The	demonstration	used	the	BBF	approach,	enabling	efficient	assembly	of	nanomaterials	with	
uniform	 orientation	 and	 controlled	 density	 over	 large-areas	 (metre-scale	 dimensions)	 on	 both	
flexible	and	rigid	substrates.	The	SiNWs	were	transferred	to	a	3-inch	diameter	flexible	substrate,	as	
shown	 in	 Figure	 2.22	 (a).	 The	 output	 and	 transfer	 characteristic	 plots	 are	 shown	 in	 (b)	 and	 (c),	
respectively.	The	histogram	of	the	threshold	voltage	(VTh)	 is	shown	in	Figure	2.22	(d).	Based	on	the	
transfer	characteristic,	the	device	exhibited	a	threshold	voltage	(VTh)	of	0.55	V,	current	on/off	ratio	
(ION/OFF)	>105,	on	current	(ION)	of	16	μA	and	transconductance	(gm)	of	6	μS.	Even	though	the	electrical	
characteristics	looked	promising,	the	authors	did	not	reveal	the	device’s	mobility.		
	
	
	
	
	
	
	
	
	
(a)	 (b)	
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Figure	 2.22	 –	 (a)	 Optical	 image	 of	 a	 top-gated	 SiNW	 FET	 (scale	 bar	 50	 μm).	 Inset:	 photograph	 of	 a	 plastic	 substrate	
containing	400	devices.	(b)	Output	characteristic	plot	(ID	vs.	VD)	obtained	at	VG	from	-3	to	+3	V.	(c)	Transfer	characteristic	
plot	(ID	vs.	VG)	measured	at	VD=-1	V.	Inset:	histogram	of	ION	showing	uniform	device	characteristics.	(d)	Histogram	of	the	
threshold	voltage	(VTh)	from	analysis	of	over	60	randomly	chosen	devices	in	the	array	[62].	
	
2.5	 Silicon	Nanowire	Field-Effect	Transistors	for	BTEX	Gas	Sensing	Applications	
2.5.1	 Introduction	
SiNWs	 are	 promising	 candidates	 for	 sensing	 chemical	 and	 biological	 species	 mainly	 due	 to	 their	
unique	 electrical	 properties,	 such	 as	 their	 single-crystalline	 structure	 and	 small	 size	 (see	 section	
2.3.4)	[39].	They	have	demonstrated	high	sensitivity	to	various	chemical	gases,	which	can	be	further	
utilised	 for	 industrial	 safety,	 environmental	 monitoring	 and	 preservation	 of	 human	 health.	 The	
miniaturised	 dimensions	 of	 the	 SiNWs	 are	 comparable	 to	 the	 size	 of	 the	 chemical	 species	 being	
sensed,	 exhibiting	 superior	 real-time	 sensitive	 detection	 capabilities	 up	 to	 a	 single-molecule	
detection	 (Figure	 2.23).	 In	 other	 words,	 a	 very	 few	 gas	 molecules	 can	 sufficiently	 change	 the	
electrical	 properties	 of	 the	 SiNWs,	 hence	 sensitivity	 levels	 can	 be	 recorded	 at	 low	 gas	
concentrations.	Also,	their	small	dimensions	(diameter)	provide	fast	detection	response	[101].		
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Figure	2.23	–	The	size	of	NWs	in	comparison	to	biological	entities,	such	as	proteins,	nucleic	acids,	viruses	and	cells	[101].	
	
Lieber’s	 research	 group	 demonstrated	 for	 the	 first	 time,	 in	 2001,	 the	 concept	 of	 using	 SiNWs	
functionalised	 with	 various	 receptors	 for	 specific	 detection	 [38].	 Since	 then,	 SiNW	 FETs	 have	
attracted	 considerable	 interest	 as	 a	 sensing	 platform	 for	 the	 detection	 of	 chemical	 and	 biological	
species.	
SiNWs	 based	 on	 FETs	 (chem-FETs)	 offer	 a	 clear	 advantage	 over	 the	 resistive	 platforms	 (chem-
Resistors),	due	to	the	extraction	of	multiple	device	parameters	(such	as	mobility,	threshold	voltage	
and	 sub-threshold	 slope)	 that	 increase	 the	 number	 of	 independent	 sensing	 features	 per	 sensor	
during	 each	 measurement	 [102-106].	 In	 addition,	 the	 sensitivity	 of	 the	 chem-FETs	 can	 be	
dramatically	enhanced	by	modulating	the	gate	electrode	(gating	effect)	when	operating	the	device	
in	the	sub-threshold	regime	(it	provides	an	increase	of	the	signal	response)	[50,	107].	The	gate	effect	
can	amplify	the	conductance	of	the	FET	channel	and	expectedly	enhance	the	sensitivity.	Chem-FETs	
can	be	operated	 in	 room	 temperature	 conditions,	which	provides	 several	 advantages	 such	 as	 low	
power	consumption,	long	device	lifetime,	and	reduced	explosion	hazards.	Chem-Resistors	generally	
operate	at	high	 temperatures	of	200-600°C	 in	order	 to	enhance	 their	 chemical	 reactivity	between	
the	sensing	materials	and	the	detected	gases	[50].	Table	2.1	provides	an	overview	of	selected	SiNW	
FET	sensor	devices	using	various	functionalisation	strategies	that	have	been	published	over	the	last	
11	years	[108].	
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Table	 2.1–	 Overview	 of	 SiNW	 FET	 sensors	 for	 the	 detection	 of	 inorganic	 gases	 (gases	 and	 vapours)	 and	 organic	
compounds	(explosives,	nerve	agents	and	VOCs).	
	 Year	 First	Author	 Si	NW	sizea	 Functionalisation	 Target	 Sensitivityb	
	
Ref.	
G
as
es
	
2007	 McAlpine	
18nm	(w)	
5μm	(l)	
Bare	 NO2	 20ppb	(s)	 [109]	
2007	 Chen	
80-200nm	(d)	
2.5μm	(l)	
Pd	NPs	 H2	 5%	(mc)	 [110]	
2010	 Skucha	
30nm	(d)	
2μm	(g)	
Bare	 H2	
3ppm	–	5%	
(mc)	
[111]	
Va
po
ur
s	
2006	 Talin	
76±5nm	(d)	
4μm	(g)	
Bare	 NH3	 No	data	 [112]	
2011	 Passi	
25nm	(w)	
300nm	(l)	
DPCP	receptor1	
OTS2	
Humidity	 Ambient	(mc)		 [113]	
Ex
pl
os
iv
es
	
2010	 Clavaguera	
0.2,	1,	4	μm	(w)	
2,	4	μm	(l)	
DPCP	receptor1	 DPCP1	
500-800ppb	
(mc)	
[114]	
2010	 Engel	 2μm	(g)	 APTES3	 TNT4	 10-2ppt	(s)		 [115]	
N
er
ve
	A
ge
nt
s	
2011	 Passi	
25nm	(w)	
300nm	(l)	
DPCP	receptor1	 DPCP1	
500-800ppb	
(mc)	
[116]	
2011	 Clavaguera	
0.2,	1,	4	μm	(w)	
2,	4	μm	(l)	
DPCP	receptor1	 DPCP1	 500ppb	(mc)	 [117]	
VO
Cs
	
2011	 Niskanen	 50nm	(d)	 Bare	
Different	
VOCs	
No	data	 [118]	
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2011	 Paska	
60nm	(d)	
2μm	(g)	
CH3(CH2)15SiCl3	
(Non)	polar	
VOCs	
ppm	level		 [104]	
2012	 Paska	
50±5nm	(d)	
2μm	(g)	
CH3(CH2)15SiCl3	
Nonpolar	
VOCs	
ppm	level	(mc)	 [105]	
2012	 Paska	
50±5nm	(d)	
2μm	(g)	
CH3(CH2)nSiCl3	
(n+1=3,	6,	8,	12,	18)	
(Non)	polar	
VOCs	
ppm	level	(mc)	 [106]	
2013	 Wang	
40±8nm	(d)	
2μm	(g)	
APTES+4different	
carbonyl	chlorides5	
(Non)	polar	
VOCs	
0.01-0.08	
pa/po	(mc)
6		
[103]	
2013	 Wang	
40±8nm	(d)	
2μm	(g)	
APTES+	
CH3(CH2)nCOCL	
(n+1=6,	7,	10,	11)5	
(Non)	polar	
VOCs	
0.01-0.08	
pa/po	(mc)
	6	
[102]	
2013	 Ermanok	
40±8nm	(d)	
2μm	(g)	
Silanes	with	different	
chain	lengths	and	end	
groups	
(Non)	polar	
VOCs	
0.01-0.08	
pa/po	(mc)
	6	
[119]	
a	w:width,	 l:length,	 d:diameter,	 g:gap	between	electrode	 contacts;	 bs:sensitivity,	mc:measured	 concentration,	 ppm:parts	
per	 million,	 ppb:parts	 per	 billion.	 1DPCP:diphenylchlorophosphate;	 2OTS:octadecyltrichlorosilane;	 3APTES:3-
aminopropyltriethoxysilane;	 4TNT:2,4,6-trinitrotoluene;	 5APTES-modified	SiNWs	were	 reacted	with	acyl	 chlorides	 to	 form	
amides;	6	pa:VOC’s	partial	pressure,	po:vapour	pressure.		
Note:	 a	 gas	 is	 a	 substance	 that	 has	 a	 single	 defined	 thermodynamic	 state	 at	 the	 temperature	 of	 investigation,	while	 a	
vapour	is	a	substance	in	the	gas	phase	at	a	temperature	lower	than	its	critical	point.	
	
Table	2.1,	summarises	the	applicability	of	SiNW	FETs	on	various	gas	sensing	applications.	In	total,	36	
scientific	articles	were	published	in	the	field	of	SiNW	FET	sensing	(over	the	last	11	years),	of	which	20	
were	based	on	chem-Resistors	(not	shown)	[108].	Additionally,	a	limited	number	of	research	studies	
were	conducted	in	VOC	sensing	based	on	SiNW	FET	structures,	highlighting	the	scientific	gap.	Haick	
and	co-workers	from	the	Technion-Israel	Institute	of	Technology,	Haifa,	Israel	are	currently	the	main	
contributors	 in	 the	 development	 of	 VOC	 gas	 sensors	 based	 on	 SiNW	 FETs,	 having	 published	 a	
number	 of	 interesting	 and	 systematic	 studies	 on	 VOC	 gas	 sensing	 [102-106,	 119].	 However,	 their	
research	 provides	 limited	 results	 on	 the	 chemical	 selectivity	 mechanism	 of	 the	 receptors	 for	
understanding	VOC	detection,	while	no	results	on	sensing	BTEX	vapours	have	been	reported.		
The	limited	gas	sensitivity	can	be	attributed	to	four	main	reasons	[104]:	
• Poor	coverage	of	the	gas-receptors	leaving	plenty	of	molecule-free	sites.	The	free	sites	can	be	
occupied	by	all	sorts	of	VOCs.	
• Lack	of	suitable	gas-receptors	that	can	be	attached	to	the	SiNWs.	
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• High	density	 of	 surface	 states	 at	 the	 Si/SiO2	 interface.	 This	 lowers	 the	 sensitivity	 of	 the	 FET	
device.	
• High	density	of	trap	states	at	the	SiO2/Air	 interface.	The	trap	states	attract	water	molecules,	
causing	hysteresis.	This	lowers	the	sensitivity	of	the	FET	device.	
In	the	following	section,	the	working	principle	of	FET	sensors,	the	sensing	extraction	parameters,	the	
design	 consideration,	 the	 need	 for	 VOC	 sensing,	 NW	 surface	 functionalisation,	 as	 well	 as	 the	
advances	 in	VOC	sensing	by	means	of	SiNW	FETs	 in	both	chem-Resistor	and	chem-FETs	structures,	
are	investigated.		
	
2.5.2 Need	for	Benzene	Detectors	
The	early	 detection	of	 cancer-related	VOCs,	 such	 as	 benzene	 (C6H6),	 before	 they	 reach	dangerous	
concentrations	is	essential	for	reducing	health	risk	and	ensuring	public	safety.		
Benzene	 is	 one	 of	 the	 most	 common	 pollutants	 (along	 with	 ammonia)	 that	 can	 be	 found	 both	
indoors	and	outdoors.	Benzene	is	formed	from	natural	processes	(volcanoes,	forest	fires)	as	well	as	
from	 human	 activities,	 such	 as	 exhaust	 gas	 of	 motor	 vehicles	 (used	 as	 an	 additive	 to	 unleaded	
gasoline),	 paints	 (as	 a	 component	 of	 inks	 in	 the	 printing	 industry),	 glues	 in	 the	 manufacture	 of	
organic	chemicals,	combustion	of	wood,	 fermentation	of	organic	waste,	dyes,	detergents,	 rubbers,	
and	mainly	from	smoking	cigarettes	[120,	121].	
Benzene	 has	 being	 classified	 by	 the	 International	 Agency	 for	 Research	 on	 Cancer	 (IARC)	 and	 the	
Department	of	Health	and	Human	Services	(DHHS)	as	carcinogenic	to	humans	[122,	123],	therefore	
its	 accurate	 detection	 at	 very	 low	 concentrations,	 for	 limiting	 the	 risk	 of	 human	 exposure,	 is	 of	 a	
great	importance.	The	exposure	to	benzene	causes	leukaemia	(cancer	of	the	blood	cells),	particularly	
acute	nonlymphocytic	 leukaemia	 (ANLL)	 (average	exposure	of	<10	ppm),	acute	myeloid	 leukaemia	
(AML)	 (around	 100	 ppm	 exposure),	 non-Hodgkin’s	 lymphoma	 (NHL)	 (10-year	 chronic	 exposure),	
multiple	myeloma,	 and	 lymphatic	 and	hematopoietic	 cancers	 [124,	 125].	Benzene	 can	also	 induce	
oxidative	 stress,	 which	 may	 affect	 the	 insulin	 resistance	 (IR)	 involved	 in	 metabolic	 syndrome,	
diabetes	mellitus	(DM),	cardiovascular	disease,	and	obesity	[120].	In	addition,	exposure	at	low-dose	
benzene	 can	 induce	 DNA	 methylation	 changes,	 which	 are	 involved	 in	 regulating	 many	 cellular	
processes	 [126].	Changes	or	defects	 in	 the	DNA	methylation	pattern	contribute	directly	 to	disease	
states,	such	as	cancer	[127,	128].	The	main	way	of	exposure	is	breathing,	because	the	liquid	form	of	
benzene	 evaporates	 quickly.	 All	 of	 the	 above	 evidence	 is	 sufficient	 to	 conclude	 that	 benzene	 is	
carcinogenic	in	humans	and	its	rapid	detection	at	low	concentrations	is	vital.		
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2.5.2.1 Sensing	BTEX	Vapours	via	Industrial	Methods	
The	industrial	gas	sensor	users	have	several	options	for	monitoring	BTEX	vapours,	including:	
• Photoionisation	detectors	(PID).	
• Multi-gas	monitors	(MGM).	
• Colorimetric	gas	detection	tubes	(Tubes).	
• Portable	gas	chromatography	(GC)	system.	
• Metal	oxide-based	sensors	(MOS).	
• Compact	mass	spectrometer	(CMS).	
• Gas	chromatography	with	mass	spectrometric	detection	(GC-MS).	
	
The	table	below	summarises	the	pros	and	cons	of	the	aforementioned	methods:	
	
Table	2.2	–	A	comparison	of	industrial	monitoring	options	of	benzene	vapours	[129].	
	 PID	 MGM	 Tubes	 GC	 MOS	 CMS	 GC-MS	
Resolution	 X	 	 	 X	 	 X	 X	
Sensitivity	 X	 	 	 X	 	 	 X	
Easy	of	use	 X	 X	 X	 	 X	 X	 	
Lowest	total	cost	
of	ownership	
X	 X	 X	 	 X	 	 	
Specificity	 	 	 X	 X	 	 X	 X	
	
The	most	recommended	BTEX	monitoring	system	for	 industrial	use	 is	the	photoionisation	detector	
(PID)	as	shown	in	Figure	2.24.		
	
	
	
	
	
	
	
					
Figure	2.24	–	Schematic	of	a	PID	detector	[130].	
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The	principle	 of	 operation	 is	 based	on	 the	 exposure	of	 a	 gas	 sample	 to	 ultraviolet	 (UV)	 light.	 The	
schematic	 shows	 a	 simplified	 version	 of	 the	 PID,	 however	 in	 the	 industrial	 design	 of	 the	 sensor	 a	
membrane	 filter	 is	 deposited	 on	 top	 of	 the	 insulation-electrode	 area.	When	 the	 test	 gas	 diffuses	
through	the	membrane	filter,	the	10.6	eV	lamp	emits	photons	of	high	energy	UV-light,	transmitted	
through	 the	 window.	 When	 a	 photon	 is	 adsorbed	 by	 the	 molecule	 photoionisation	 occurs,	
generating	 two	 electrically	 charged	 ions,	 one	 positively	 charged	 and	 one	 negatively	 charged.	
Simultaneously,	 the	electrodes	are	biased	with	a	DC	voltage,	generating	a	permanent	electric	 field	
between	the	cathode	(upper	electrode)	and	the	anode	(lower	electrode).	The	electrons	donated	by	
the	 ionised	molecules	 get	 trapped	 by	 the	 electric	 field,	 resulting	 in	 a	 current	 flow	 (Signal	 i).	 The	
current	flow	is	proportional	to	the	VOC	gas	concentration.	Each	VOC	has	a	characteristic	threshold	
energy	of	 light	(photon	energy),	which	causes	it	to	fragment	into	ions	(called	ionisation	potential	–	
IP)	 [131].	The	PID	 is	 the	most	 frequently	used	method	 for	detecting	VOCs,	providing	accurate	and	
precise	 detection	 (resolution),	 high	 sensitivity,	 low-cost	 operation	 and	 real-time	 monitoring.	
However,	PIDs	are	not	selective	(can	only	measure	BTEX	without	a	discrimination	of	its	components)	
which	 limits	 their	 applicability	 to	 benzene	 detection.	 In	 addition,	 for	 the	 selective	 recognition	 to	
toxic	 chemicals,	 PID	 must	 be	 combined	 with	 filters	 and	 separation	 tubes,	 making	 it	 suitable	 for	
certain	industrial	applications	[132].	Therefore,	a	gas	sensor	with	high	sensitivity	limits	and	accurate	
detection	to	benzene	vapours	is	mandatory	for	high	level	advanced	industrial	monitoring.		
	
2.5.2.2 Sensing	BTEX	Vapours	via	Calix[4]arene-Derivatives	
In	 nanotechnology,	 VOC	 vapours	 were	 previously	 successfully	 detected	 using	 calix[4]arene-
derivatives,	because	of	their	synthetic	flexibility	and	suitability	for	reversible	host-guest	interactions.	
Calix[4]arenes	 are	 artificial	 three-dimensional	 and	 tunable	 receptors	 for	 molecular	 recognition	 of	
cations,	 anions	 and	 neutral	 species	 [133,	 134].	 Their	 variations	 in	 physical	 dimensions	 provide	
pattern	recognition	of	different	VOC	molecules.	Calix[4]arene-derivatives	have	already	been	used	as	
chemical	sensors,	examined	via	Quartz	Crystal	Microbalance	(QCM)	[135,	136]	and	Surface	Plasmon	
Resonance	 (SPR)	 [137].	 Research	 studies	 over	 the	 last	 decades	 investigated	 the	 guest-host	
interactions	 of	 calix[4]arenes	 with	 the	 target	 gases	 and	 provided	 an	 extensive	 insight	 into	 their	
vapour	sensing	abilities,	such	as	the	dynamic	process	of	their	reversible	host-guest	interactions	(fast	
adsorption-desorption	upon	exposure	to	vapours)	[138].	
The	development	in	calix[4]arene	has	proven	to	be	a	potential	environmental	sensing	technology	for	
the	selective	detection	of	targeted	gases.	A	generalised	identity	of	a	calix[4]arene	is	shown	in	Figure	
2.25	(a).	It	is	a	bowl-shaped	molecule	(pinched	cone)	surrounded	by	a	wide	hydrophobic	upper	rim	
and	a	narrow	hydrophilic	lower	rim,	resembling	a	crown	(a	cavity),	as	shown	in	Figure	2.25	(b,	c).	The	
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designated	 number	 ‘[4]’	 represents	 the	 number	 of	 the	 aryl	 residues	 (phenolic	 units)	 in	 the	 cyclic	
array.	 In	 calix[4]arenes,	 the	 internal	 volume	 is	 about	 10	 nm3	 (upper	 rim	 diameter=1-2	 nm)	 [139].	
Their	simple	and	low	cost	synthesis	(a	single-step	procedure),	and	versatile	supramolecular	building	
block	provides	the	freedom	of	altering	their	physical	and	electrical	properties,	by	functionalising	the	
lower	 (phenolic	 groups)	 and	upper	 (aromatic	 groups)	 rim	according	 to	 the	 targeted	 gas	molecule.	
Also,	 the	 cheap	 starting	material	 of	 calix[4]arene	 synthesis,	 their	 high	melting	 point	 (above	250°C	
[140]),	and	 their	excellent	yield	 from	a	gram	(or	 less)	 to	many	kilograms,	makes	 them	suitable	 for	
industrial	fabrication	approaches	in	gas	sensing.	Moreover,	different	size	(i.e.	cavities)	calix[n]arenes	
(where	 n	 denotes	 the	number	 of	 units	 in	 the	 ring)	 display	 different	 patterns	 of	 selectivity	 for	 the	
aromatic	guest	[133,	134].		
	
Figure	2.25	–	 (a)	Chemical	 structure	of	 the	phenol-derived	 calix[4]arene	used	 in	 this	work,	 also	 known	as	5,11,17,23-
tetra-tert-butyl-calix[4]arene-25,26,27,28-tetrol.	 (b)	 Cup-shaped	 representation	 of	 calix[4]arenes	 (applicable	 to	 all	
calixarenes).	(c)	Calixarenes	derived	their	name	from	a	Greek	vase	known	as	‘calix	crater’.	Thus,	C.	D.	Gutsche	suggested	
that	the	cup-shaped	molecule	should	be	called	‘Calixarenes’	[141].	
	
The	phenol-derived	(i.e.	p-tert-butylphenol)	calix[4]arene	is	the	simplest	representative	of	the	family	
of	 the	 calix[n]arene	 derivatives.	 The	 position	 of	 attachment	 of	 substituents	 is	 specified	 as	 ‘R’,	 as	
shown	 in	 Figure	 2.25	 (b).	 Also,	 the	 labels	 inside	 the	 rings	 (A,	 B,	 C,	 D)	 specify	 the	 ring	 which	 the	
substituents	are	attached	to	[133,	134,	141].	The	upper	rim	of	the	cavity	of	the	calix[4]arene	bares	
alkyl	 groups	 (i.e.	 tert-butyl),	 which	 provide	 the	 site	 for	 the	 binding	 of	 organic	 guest	 molecular	
species.	The	lower	rim	of	the	cone	conformation	of	calix[4]arenes	is	already	functionalised	with	four	
hydroxyl	 groups	 (-OH	 groups)	 (Figure	 2.25,	 b)	 [141].	 Calix[4]arene	 exists	 in	 four	 different	
conformations	 of	 the	 upper	 rim,	 named	 by	 Gutsche	 as	 cone,	 partial-cone,	 1,2-alternate,	 and	 1,3-
alternate	(Figure	2.26)	[141].	 It	 is	worth	noting	that	by	changing	the	conformation	 in	the	following	
sequence	 cone	 (1.46	 D)>partial>1,2-alternate>1,3-alternate,	 the	 dipole	 moment	 decreases	
(anticipated	 based	 on	 a	 computational	 study)	 [141].	 By	 rearranging	 the	 π-conjugated	 skeleton	 of	
calix[4]arenes,	 incorporated	 with	 multiple	 ligating	 groups,	 a	 selective	 binding	 of	 targeted	 guest	
molecules	 can	 be	 achieved.	 A	 further	 expansion	 of	 the	 cavity	 (n>4)	 leads	 to	 the	 encapsulation	 of	
(a)	 (b)	 (c)	
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bigger	 guest	 molecules	 [133].	 Additionally,	 the	 hydrophobic	 nature	 of	 both	 calix[4]arenes	 and	
resorcarenes	 provide	 a	weak	 interaction	with	 -OH	 groups,	 hence	 the	water	 vapour	 effect	 -	which	
limits	 the	 adsorption	 of	 non-polar	 VOCs	 -	 is	 minimised	 and	 can	 be	 negligible,	 highlighting	 their	
applicability	in	humid	environments.	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.26	–	Four	different	conformations	of	calix[4]arenes	[133,	141].	
	
Furthermore,	calix[4]resorcinarenes	have	been	widely	studied	as	hosts	in	supramolecular	host-guest	
systems.	Calix[4]resorcinarene	(also	known	as	resorcinarene	or	resorcarene	)	is	a	resorcinol-derived	
calix[4]arene	which	 successfully	 exhibited	 its	 potential	 in	 the	development	of	 sensing	 applications	
towards	 VOCs	 [137,	 142,	 143].	 Calix[4]resorcinarenes	 can	 exist	 in	 a	 variety	 of	 conformations,	 and	
their	upper	rim	is	already	functionalised	with	-OH	groups,	as	shown	in	Figure	2.27.	
	
	
	
	
	
	
	
Figure	2.27	-	Chemical	structure	of	the	calix[4]resorcinarenes	known	as	resorcarenes	[142].	
	
The	sensing	mechanism	of	calix[4]arene	offers	a	dynamic	process	with	a	 fast	adsorption,	diffusion	
and	desorption	of	the	targeted	molecules	(reversible	operations).	During	the	adsorption	process	the	
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physicochemical	 properties,	 including	 the	 structural,	 electrical	 and	 optical	 of	 the	 calix[4]arene,	
change	 [144].	The	 trapping	of	 the	guest	molecule	 into	 the	cavity	 (host-guest	 interactions)	 involves	
one	or	more	of	the	following	features:	hydrogen	bonding,	electrostatic	attraction,	π-π	stacking,	van	
der	Waals	attraction	and	charge-transfer	interactions	[141,	145].	The	experimental	measures	of	such	
interactions	can	be	expressed	in	various	ways,	such	as	stability	constants	(i.e.	strength	of	the	host-
guest	interactions),	and	rate	of	transport	through	a	membrane	(liquid	or	supported	liquid).	However,	
the	complex	stability	of	the	aforementioned	interactions	has	been	mainly	studied	in	a	liquid	phase,	
and	it	is	expected	that	their	order	will	be	different	in	a	gas	phase.	In	the	absence	of	solvent	effect,	
only	the	intrinsic	interactions	between	host-guest	are	operative	[141].		
The	magnitude	of	the	complexation	(i.e.	host-guest	chemical	reaction)	indicates	the	effectiveness	of	
calix[n]arenes	with	the	guest	molecules.	In	addition	the	ability	of	the	cavities	to	discriminate	specific	
VOC	in	a	complex	environment	highlight	their	significance	in	gas	interactions.	The	size	and	shape	of	
the	analyte	molecules	determine	how	deeply	the	analyte	can	diffuse	through	the	calixarene	matrix,	
while	the	chemistry	of	the	analyte	and	host	(calixarene	cavity)	determine	how	it	becomes	confined	
in	the	cavity	 [146].	This	 is	confirmed	 in	the	different	results	obtained	with	various	VOC	molecules.	
Among	the	phenol-derived	calixarenes,	p-tert-butyl-calix[4]arene	forms	complexes	with	chloroform,	
benzene,	 toluene,	 xylene	 and	 anisole;	 p-tert-butyl-calix[5]arene	 forms	 complexes	 with	 isopropyl	
alcohol	 and	 acetone;	 p-tert-butyl-calix[6]arene	 forms	 a	 complex	 containing	 chloroform	 and	
methanol;	 p-tert-butyl-calix[7]arene	 forms	 a	 complex	 containing	 methanol;	 and	 p-tert-butyl-
calix[8]arene	forms	complex	with	chloroform	[140].	
Concluding,	calix[n]arene-derivatives	can	be	used	as	fundamental	building	blocks	for	several	sensing	
applications	 due	 to	 their	 tailoring	 flexibility	 (cavity	 size)	 and	 rim-functionality,	 using	 peripheral	
substitutions.	 Therefore,	 a	multi-elemental	 sensor	 platform	 (SiNW	 FET	 sensor	matrix)	 providing	 a	
chemical	 ‘mapping’	 of	 different	 chemical	 gases,	 offering	 a	 printable,	 portable	 and	 cost-effective	
sensor	device	suitable	for	future	production,	is	coming	closer	to	reality.			
	
2.5.3 Working	Principle	of	Silicon	Nanowire	Field-Effect	Transistor	Gas	Sensors	
The	SiNW	FET	transducer	becomes	a	sensor	when	the	gas	receptors	are	attached	to	the	surface	of	
the	NW,	as	shown	in	Figure	2.28.	The	basic	working	principle	of	the	SiNW	FET	sensor	is	based	on	the	
electric	field	created	by	the	binding	interactions	of	the	charged	chemical	or	biological	molecules	to	
the	 surface	 of	 the	 functionalised	 SiNWs.	 The	 sensing	 material	 (SiNW)	 directly	 translates	 the	
interaction	 with	 the	 target	molecule	 that	 takes	 place	 on	 its	 surface,	 into	 a	 quantifiable	 electrical	
signal.		
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Figure	2.28	–	A	conceptual	illustration	of	a	bottom-gated	SiNW	FET	sensor,	depicting	the	detection	of	the	receptors	and	
the	gas	molecules	in	a	complex	chemical	environment	(Gas	‘A’	and	‘B’).			
The	 operation	 of	 the	 sensor	 can	 be	 described	 as	 a	 dual-gate	 (DG)	 NW	 FET.	 The	 DG	 NW	 FET	 is	
comprised	of	two	gate	dielectrics,	a	bottom-gate	and	its	dielectric,	the	semiconductor	with	the	s/d	
contacts,	and	the	top	dielectric.	For	FET	sensors,	the	top-gate	surface	 is	used	to	collect	the	charge	
from	 analyte	 molecules.	 Simply	 speaking,	 the	 semiconducting	 channel	 (SiNWs)	 is	 sandwiched	
between	 two	 gate	 dielectrics.	 Under	 normal	 operation	 conditions,	 the	 bottom-gate	 dielectric	 is	
biased	 for	 the	 operation	 of	 the	 FET	 device.	 When	 the	 second	 dielectric	 (top)	 is	 biased,	 it	
electrostatically	modifies	the	charge-carrier	distribution	in	the	channel	accumulated	by	the	first	gate	
(bottom-gate).	The	result	will	be	a	shift	in	VTh,	which	is	determined	by	the	applied	second	bias	gate	
(top-gate)	 due	 to	 the	 variations	 in	 the	 electric	 field	 across	 the	 dielectric	 interfaces	 [147].	 For	 gas	
sensing	 applications,	 the	 amount	 of	 shift	 in	 VTh	is	 proportional	 to	 the	 VOC	 concentration	 and	 the	
binding	interactions	with	the	receptors	[103].	
The	 shift	 in	 the	 threshold	 mainly	 depends	 on	 the	 ratio	 of	 the	 two	 capacitances	 of	 the	 two	 gate	
dielectrics	(capacitive	coupling).	The	accumulated	charge-carriers	in	the	semiconducting	channel	are	
either	depleted	or	further	accumulated	by	the	top-gate	potential	when	analyte	molecules	touch	the	
top	dielectric	surface.	Effectively,	the	top-gate	potential	is	driven	by	the	collected	analyte	molecules.	
The	amount	of	depleted/accumulated	charge	by	the	top-gate	bias	is	given	by	Q=Ctop	x	Vtop,	where	Ctop	
is	 the	 top-gate	 capacitance	per	 unit	 area	 and	Vtop	 is	 the	 gate	 bias.	 This	 causes	 the	 entire	 transfer	
curve	to	shift,	either	to	the	higher	positive	or	the	negative	values	of	the	x-axis	(VG).	The	orientation	
depends	 on	 the	 polarity	 of	 the	 top-gate,	 which	 in	 turn	 depends	 on	 the	 polarity	 of	 the	 analyte	
molecules.	 If	 it	 is	 assumed	 that	 the	 bottom-gate	 is	 fixed	 (constant	 bias	 applied	 on	 the	 bottom	
dielectric,	operates	as	a	normal	bottom-gated	transistor)	and	the	top-gate	is	swept	(charge	from	the	
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chemical	 species	 attached	 to	 the	 top	 dielectric	 surface),	 then	 the	 shift	 in	 the	 threshold	 voltage	 is	
given	by	Equation	2.9	[147]:	
	
Equation	2.9	 	 	 ΔVTh_  top=- CbottomCtop ΔVTh_bottom	 	 (V)		
where,	 ΔVTh_top	 is	 the	 shift	 of	 the	 threshold	 voltage,	 Cbottom	 and	 Ctop	 is	 the	 bottom-	 and	 top-gate	
capacitance	per	unit	area	respectively,	and		ΔVTh_	bottom	is	the	applied	bottom-gate	voltage.	
As	most	 scientific	 articles	 report,	 the	width	 of	 the	 semiconducting	 channel	 is	 expected	 to	 double	
when	the	second	gate	is	applied,	due	to	deeper	gate	modulation	(yields	higher	current).	This	causes	
an	 increased	on/off	 current	 ratio	 (ION/OFF),	 improves	charge-carrier	mobility	 (μ)	and	gives	a	 steeper	
sub-threshold	slope	(s-s).	
The	response	of	the	sensor	is	characterised	in	terms	of	sensitivity,	selectivity,	speed	of	response	and	
stability	 (the	 four	 ‘S’).	 Sensitivity	 corresponds	 to	 the	 change	 of	 the	 sensor	 characteristics	 upon	
binding	interactions	between	NW	surface	and	the	target	molecule,	i.e.	the	relative	resistance	change	
due	 to	 the	 presence	 of	 chemicals	 [108].	 It	 is	 determined	 by	 the	 electrostatics	 of	 the	 system.	
Selectivity	 (the	 major	 challenge	 in	 sensing	 applications)	 denotes	 the	 ability	 of	 the	 receptors	 to	
interact	with	the	target	gases	in	a	complex	chemical	environment.	Speed	of	response	measures	the	
time	 taken	 for	 the	 sensor	 to	 produce	 a	 stable	 signal	 change.	 Stability	 signifies	 the	 reliability,	
robustness	 of	 the	 sensor,	 the	 reversible	 operation	 under	 harsh	 temperature	 and	 environmental	
conditions	[59,	108].	
	
2.5.4 Silicon	Nanowire	Field-Effect	Transistor-Sensor	Extraction	Parameters	
When	 the	 target	 molecules	 are	 attached	 to	 the	 NW’s	 functionalised	 surface,	 they	 cause	 an	
accumulation/depletion	 of	 the	 charge-carriers.	 The	 shift	 of	 the	 threshold	 voltage	 (ΔVTh)	 is	 the	
fundamental	 parameter	 for	 the	measure	 of	 sensitivity	 [148].	 The	 signal	 is	 translated	 by	means	 of	
threshold	voltage	(VTh)	shift	before	and	after	sensing	and	is	given	by	Equation	2.10	[102-106,	119]:	
	
Equation	2.10	 	 	 ΔVTh=VTh_reference-VTh-sensing	 (V)		
where,	 VTh_reference	 and	 VTh_sensing	 are	 the	 threshold	 voltage	 values	 before	 and	 after	 sensing.	 Both	
values	 are	 extracted	 from	 the	 linear	 region	 of	 the	 transfer	 characteristic	 plot,	 as	 shown	 in	 Figure	
2.29.	Origin	2015®	was	used	for	the	extraction	of	the	threshold	values,	using	the	linear	fitting	tool.	
Chapter	2	 	 											Background	
58		
	
	
	
	
	
	
	
	
			
		
	
	
Figure	2.29	-	Transfer	characteristic	of	the	reference	signal	of	a	p-type	SiNW	FET	before	and	after	sensing	benzene	gas	
molecules.	 The	 shift	 in	 the	 threshold	 voltage	 (VTh)	 translates	 the	 interaction	 of	 the	 sensing	material	 (SiNW)	with	 the	
target	molecule.		
Figure	2.30	–	Change	of	the	mobility	(μ)	and	on-current	(ION)	of	a	p-type	SiNW	FET	before	and	after	sensing	benzene	gas	
molecules.	The	change	of	the	mobility	and	current	characteristics	are	translated	with	the	interactions	of	the	SiNW	with	
the	target	molecule.		
	
Figure	2.30	exhibits	the	change	of	both	mobility	(μ)	and	on-current	(ION)	of	a	p-type	SiNW	FET	before	
and	 after	 sensing	 benzene	 gas	molecules.	 	 The	mobility	 (μ)	was	 extracted	 as	 discussed	 in	 section	
2.4.4.8.	 The	 decrease	 of	 both	 values	 is	 attributed	 to	 the	 depletion	 of	 the	 semiconducting	 charge-
carriers	 (reduction	 in	 the	 device	 conductivity),	 due	 to	 binding	 interactions	 with	 the	 target	 gas	
molecules.		
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2.5.5 Design	Considerations	
The	optimisation	of	 a	 SiNW	FET	device	 towards	 gas	 sensing	differs	 from	other	 applications.	Many	
design	 considerations	 must	 be	 taken	 into	 account,	 combining	 both	 the	 electrical	 and	 physical	
properties	of	the	SiNW	itself,	as	well	as	the	device’s	structure.	
	
2.5.5.1 Nanowire	Diameter	
The	 main	 design	 consideration	 in	 NW	 FET	 sensors	 is	 the	 geometry	 of	 the	 NW.	 Figure	 2.31	
conceptually	illustrates	the	effect	on	sensing	between	thick	(left)	and	thin	(right)	wire.	The	surface-
to-volume	ratio	of	the	NW	must	be	as	large	as	possible	in	order	to	enhance	the	sensitivity	response.	
When	thick	NWs	(small	surface-to-volume	ratio)	are	approached	by	the	target	charged	particles,	the	
area	 affected	 by	 the	 electric	 field	 that	 is	 exerted	 by	 the	 charged	 particles	 is	 only	 located	 at	 the	
surface	of	 the	NW.	A	 large	 interior	of	 the	NW’s	 conducting	 channel	 is	unaffected,	 causing	a	 small	
degree	 of	 depletion	 of	 the	 charge-carriers.	 For	 thin	 NWs	 (large	 surface-to-volume	 ratio)	 the	
influence	 of	 the	 electric	 field	 exerted	 by	 the	 target	 charged	 particles	 can	 reach	 the	 entire	 cross-
section	of	the	NW,	thus	the	conducting	channel	is	drastically	affected.	Therefore,	sensitivity	is	size-
dependent	and	thinner	NWs	exhibit	 large	conductance	changes	and	 increase	 in	the	threshold	shift	
(VTh)	 (higher	 sensitivity)	 [59,	 101,	 138,	 148].	 According	 to	 Elfstrom	et	 al.	 [148],	 for	NW	diameters	
below	 50	 μm	 the	 electrical	 response	 is	 more	 dependent	 on	 the	 local	 environment,	 causing	 a	
significant	change	on	the	carrier	concentration	and	effectively	the	conductance.		
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.31	–	A	 conceptual	 illustration	of	a	 size	effect	on	 the	 conductance	 change	 in	a	wire.	 For	 thick	wires	 (left)	 the	
surface-to-volume	 ratio	 is	 small.	When	 charged	 particles	 (red	 balls)	 are	 attached	 to	 the	 surface	 of	 the	 NW	 only	 the	
surface	of	the	wire	is	affected.	For	thin	wires	(right)	the	surface-to-volume	ratio	is	large.	The	charged	particles	(red	balls)	
can	influence	the	whole	cross-sectional	area	of	the	NW,	thus	drastically	changing	its	conductance	[101].	
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The	 intrinsic	 sensitivity	 of	 the	 SiNW	 FET	 can	 be	 described	 by	 the	 change	 in	 conductance.	 The	
sensitivity	(S)	can	be	expressed	as	[59]:	
	
Equation	2.11	 	 	 	 	 S= 4σqdND		
where,	S	is	the	intrinsic	sensitivity	the	SiNW	FET	sensor,	σ	is	the	constant	surface	density	(in	charge	
per	 square	 centimetre),	q	 is	 the	electronic	 charge,	d	 is	 the	Si	NW	diameter	and	ND	 is	 the	uniform	
continuous	doping	density.	According	to	Equation	2.11,	NWs	with	smaller	diameters	are	expected	to	
show	a	higher	degree	of	sensitivity.	
	
2.5.5.2 Nanowires	Packing	Density	
By	increasing	the	yield	(density)	of	the	aligned	NWs,	enhanced	sensitivity	and	selective	response	can	
be	obtained.	According	to	Li	et	al.	[138],	for	low	concentrations	of	analyte,	multi-closely	spaced	NWs	
compete	for	the	binding	of	free	analyte	molecules,	thus	decreasing	the	sensitivity	response	per	NW	
(smaller	 current	 change	 per	 NW).	 This	 conclusion	 might	 be	 applicable	 for	 analyte	 molecules	 in	
solutions,	but	not	for	gas	molecules.	Also,	the	author	neglected	the	electrostatic	screening	between	
adjacent	NWs,	which	might	be	the	major	cause	of	 the	poor	sensitivity	response	of	multi-nanowire	
devices.	 For	 gas	 sensing	 applications,	 multiple	 NWs	 enhance	 the	 sensitivity	measurements	 [149].	
This	 is	 due	 to	 the	 fact	 that	 by	 increasing	 the	 sensing	 area	 the	 probability	 of	 capturing	 the	 gas	
molecules	 increases.	 By	 controlling	 the	 separation	 distance	 between	 the	 aligned	 NWs,	 fringing	
effects	can	be	neglected	and	device	sensitivity	is	enhanced.		
	
2.5.5.3 Nanowire	Doping	Density	
Doping	 density	 is	 strongly	 related	 to	 NW	 FET	 sensitivity.	 Lower	 doping	 densities	 result	 in	 higher	
device	 sensitivity,	 attributed	 to	 the	 reduced	 effect	 of	 charge	 screening	 by	mobile	 charge-carriers	
inside	 the	 conducting	 channel	 [59,	 138].	According	 to	 Equation	2.11	 [59],	NWs	with	 lower	doping	
densities	are	expected	to	show	higher	degree	of	sensitivity.	
	
2.5.6 Nanowire	Devices	as	Gas	Sensors:	State-of-the-art	
Sensing	 BTEX	 has	 been	 a	 challenging	 task	 in	 the	 research	 zone,	 with	many	 groups	 attempting	 to	
sense	 benzene	 using	 different	 nanomaterials	 other	 than	 SiNWs.	 Alternative	 sensing	 technologies	
have	been	attractive	on	sensing	BTEX	VOC	gases,	but	detecting	benzene	and	differentiating	it	from	
other	 pollutants	 of	 the	 BTEX	 family	 still	 presents	 a	 challenge.	 Research	 highlights	 in	 sensing	 BTEX	
vapours	 come	 from	 both	 chem-Resistors	 and	 chem-FETs.	 In	 this	 section,	 the	 advances	 of	 both	
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resistor-	and	FET-type	VOC	sensors	are	reviewed.	
	
	
Figure	2.32	–	(a)	HRTEM	image	of	a	GaNNW	with	the	sputtered	TiO2	film.	Inset:	Fast	Fourier	Transform	(FFT)	pattern	of	
the	red	square	area,	indicating	0.35	nm	lattice	fringes.	(b)	Sensitivity	plot	of	a	hybrid	sensor	(GaN	300	nm	in	diameter)	
for	BTEX	vapours	[150].	
	
In	2011,	Aluri	et	al.	[150]	demonstrated	a	NW-nanocluster	hybrid	resistor-type	chemical	sensor	using	
gallium	 nitride	 (GaN)	 NWs,	 functionalised	 with	 8	 nm	 thick	 titanium	 dioxide	 (TiO2)	 for	 selectively	
sensing	benzene	and	other	 related	environmental	pollutants	at	 room	temperature	 (Figure	2.32,	a,	
b).	 The	 TiO2	was	 mainly	 used	 as	 photocatalyst.	 Using	 nanoparticles,	 the	 adsorption	 of	 chemical	
species	 increases	 due	 to	 the	 introduction	of	 additional	 adsorption	 sites.	 Also,	metal	 nanoparticles	
(NPs)	 or	metal	 oxide	NPs,	 dissociate	 the	 adsorbed	 species	 and	modulate	 the	 current	 through	 the	
NWs,	 due	 to	 the	 formation	 of	 nanosized	 depletion	 region.	 The	 device	 showed	 fast	 response	 (180	
seconds)	and	recovery	 (150	seconds)	 time	for	ppb	 levels	of	BTEX	concentration	 in	 the	presence	of	
UV	light1.	Exposure	to	the	VOC	in	the	dark	has	no	effect	on	the	hybrid	device.	The	author	concluded	
that	TiO2	nanoclusters	 increase	the	sensitivity,	 lower	the	detection	time,	and	enable	the	selectivity	
towards	organic	analytes.	However,	benzene	molecules	showed	the	lowest	sensitivity	compared	to	
ethylbenzene,	xylene	and	toluene.		
	
	
	
																																																									
1	UV-exposure	 is	 needed	 for	 the	 ionisation	 of	 the	 gas	 molecules.	 The	 same	 principle	 is	 applied	 in	 the	 commercial	 PID	
sensors.	 Also,	 GaN	 and	 TiO2	 showed	 increase	 of	 photoconductance	 under	 UV	 exposure	 due	 to	 the	 separation	 of	
photogenerated	charge-carriers	by	a	surface	depletion	field.		
(b)	(a)	
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Figure	2.33	–	(a)	TEM	image	of	the	Au-ZnONW.	(b)	Dynamic	sensing	response-recovery	curve	of	the	sensor	at	different	
concentrations	of	benzene	at	the	working	temperature	of	340°	[151].	
	
Wang	et	al.	[151]	employed	sensing	measurements	through	a	resistor-type	platform	using	ZnONWs	
decorated	 with	 Au	 NPs	 -	 known	 as	 the	 spillover	 effect2	-	 of	 average	 diameter	 of	 6	 nm,	 showing	
enhanced	 sensing	 performances	 in	 detecting	 benzene	 and	 toluene	 (Figure	 2.33,	 a).	 The	 device	
exhibited	response	(gas	adsorption)	and	recovery	(gas	desorption)	times	of	60/10	seconds	and	80/11	
seconds	 for	 1	 ppm	under	 340°C	 for	 toluene	 and	benzene	molecules,	 respectively	 (Figure	 2.33,	 b).	
Even	though	the	response/recovery	times	were	short	enough	for	practical	sensor	applications,	 the	
high	working	temperature	(340°C)	severely	 limits	usability	 in	plastic	electronics	and	its	applicability	
in	industrial	applications.		
In	 the	 field	 of	 chem-FETs,	 Haick	 and	 co-workers	 (Technion-Israel	 Institute	 of	 Technology,	 Haifa,	
Israel)	 published	 a	 number	 of	 systematic	 studies	 in	 polar	 and	 nonpolar	 VOC	 sensing	 by	means	 of	
SiNWs	FETs	 [102-106,	119].	Their	 research	answered	many	 fundamental	questions	 in	 terms	of	gas	
sensing	and	provided	a	guideline	in	the	design	of	VOC	sensing.		
In	their	first	study,	Paska	et	al.	[104,	105]	emphasised	the	importance	of	SiNW	functionalisation	with	
organic	receptors	towards	polar	and	nonpolar	VOC	sensing	applications,	and	answered	fundamental	
questions	regarding	the	mechanism	of	nonpolar	VOC	sensing	and	sensing	extraction	parameters	(μh,	
VTh,	 IOFF,	VOFF,	 s-s).	 It	was	experimentally	 shown	 that	modifying	 the	SiNW	FETs	with	a	dense	 silane	
monolayer	 (hexyltrichlorosilane,	 abr.	 HTS)	 that	 has	 a	 low	 fraction	 of	 Si-O-Si	 bonds	 (it	 passivates	
SiO2/SiNW	 surface	 trap	 states),	 the	 sensitivity	 towards	 polar	 and	 nonpolar	 VOCs	 is	 enhanced	 and	
their	selectivity	is	distinguished	by	the	polarity	(sign)	of	the	gate	shift	(VTh).	According	to	the	author,																																																									
2	NPs	 can	 dissociate	 oxygen	molecules	 due	 to	 the	 spillover	 effect.	 Effectively,	 Au	 NPs	 serve	 as	 active	 sites	 to	 promote	
sensing	reactions	between	the	ZnO	and	the	target	molecules.	
(a)	 (b)	
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nonpolar	 (hexane,	 octane,	 decane)	 VOCs	 showed	 higher	 recognition	 compared	 to	 polar	 (water,	
ethanol,	 butanol)	molecules,	which	 is	 attributed	 to	 the	 dense	HTS	monolayer	 that	 prevents	 polar	
molecules	reaching	the	SiNW	interface.	The	author	provided	the	following	evidence:	
• VOC	polar	sensing	is	attributed	to	direct	changes	due	to	electrostatic	interaction	between	the	
SiNW	and	the	dipole	moment	of	the	VOC.			
• VOC	 nonpolar	 sensing	 is	 attributed	 to	 indirect	 changes	 due	 to	 adsorption	 process	 which	
induces	 conformational	 changes	 in	 the	 organic	 monolayer	 and	 affects	 (i)	 the	 dielectric	
constant	and/or	effective	dipole	moment	of	the	organic	monolayer;	(ii)	the	density	of	charged	
surface	states	at	 the	SiO2/monolayer	 interface.	These	effects	change	 the	conductivity	of	 the	
SiNW.	
• 	Longer	chain	of	the	nonpolar	VOC	obtained	higher	response	per	1	ppm	(higher	conformation	
disorder	within	the	HTS	monolayer).		
Following	 Paska’s	 findings,	 a	 series	 of	 investigations	 started	 in	 the	molecular	 layers,	 including	 the	
molecular	 length,	backbone	conformation,	the	end	(functional)	group(s)	and	the	anchor	binding	of	
the	molecular	layer	with	the	NWs	surface.	
	
	
Figure	 2.34	 –	 (a)	 Schematic	 illustration	 of	 the	molecular	 layer	 (APTES)	 functionalised	 with	 different	 functional	 (end)	
groups	on	the	SiNW	surface.	(b)	ΔVTh	shift	of	APTES-SiNW	FET	with	and	without	functional	(end)	groups	upon	exposure	
to	Hexane,	Octane,	Decane,	Ethanol,	Hexanol,	Octanol	and	Decanol	at	pa/po=0.08.	[103]	
	
Firstly,	Wang	et	al.	[103]	focused	on	understanding	the	effect	of	the	end	(functional)	groups	of	the	
molecular	layer	on	the	sensing	properties	of	SiNW	FETs.	For	this	study,	all	the	devices	had	the	same	
molecular	backbone	(APTES)	which	was	modified	with	various	end	groups	(acyl	chlorides	used:	CH3,	
C6H5,	COOH,	COOCH3)	as	seen	in	Figure	2.34	(a,	b).	It	was	observed	that	the	shift	direction	of	VTh	was	
(a)	 (b)	
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dependent	on	the	end	groups	of	the	molecular	layers.	The	shift	in	the	VTh	depends	on:	
• Dipole-dipole	interaction	between	the	molecular	layer	and	the	polar	VOC.	
• Induced	dipole-dipole	interaction	between	the	molecular	layers	and	the	nonpolar	VOC.	
• Molecule	tilt	as	a	result	of	VOCs	diffusion	between	the	chains	of	the	molecular	layer.	
It	 was	 experimentally	 demonstrated	 that	 the	 end	 groups	 have	 electron	 donating	 (CH3,	 C6H5)	 and	
electron	withdrawing	(COOH,	COOCH3)	properties	to	control	the	dipole	moment	orientation	of	the	
adsorbed	VOCs,	determining	 the	direction	 (sign)	of	 the	VTh.	Mobility	 (μ)	was	 independent	of	ΔVTh,	
due	to	the	VOC	adsorption	and	diffusion	between	the	chains	of	the	molecular	layer.	As	a	reference	
experiment,	bare	SiNW	FETs	showed	no	clear	response	to	VOCs.		
The	 latest	 publication	 by	 Wang	 et	 al.	 [102]	 explores	 the	 chain	 length	 influence	 on	 the	 sensing	
performance	 to	 polar/nonpolar	 VOCs.	 In	 the	 experiment,	 SiNW	 FETs	 were	 functionalised	 with	
molecular	layers	having	the	same	end	(functional)	groups	and	amide	bridge	bond	but	with	different	
alkyl	chain	lengths	(Figure	2.35).	It	was	observed	that	the	ΔVTh	response	increased	with	longer	chain	
lengths	(long	chain	lengths	adsorb	more	VOCs)	and	at	higher	VOC	concentrations.	No	dependence	in	
the	mobility	was	established	with	the	shift	of	the	threshold.		
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.35	–	Schematic	illustration	of	different	types	of	molecular	surface	functionalisation	(various	chain	lengths,	same	
end	group)	[102].		
Haick	 and	 co-workers	 have	 shown	 a	 detailed	 study	 in	 the	 design	 parameters	 towards	 sensing	
polar/nonpolar	VOCs.	However,	none	of	the	sensors	showed	selectivity	response	to	realize	accurate	
VOC	 detection	 and	 there	 are	 no	 reports	 on	 the	 sensitivity	 and	 selectivity	 of	 BTEX	 VOCs	 on	 FET	
structures.		
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2.5.7 Calix[4]arene-Derivatives	as	Gas	Sensors:	State-of-the-art	
Calix[4]arene-derivatives	 as	 gas	 sensors	 have	 also	 been	 extensively	 studied	 by	 several	 research	
groups.	The	sensing	response	of	these	materials	was	exhibited	towards	aliphatic	alcohols	[142]	(incl.	
methanol,	 ethanol,	 n-propanol)	 and	 VOCs	 (incl.	 benzene,	 toluene,	 chloroform),	 with	 benzene	
detection	being	under	the	spotlight	due	to	its	carcinogenic	effects.	In	this	section	the	state-of-the-art	
of	calix[4]arene-derivatives	towards	the	BTEX	VOC	family	are	investigated.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	2.36	–	Kinetic	 response	of	 (a)	an	overlayer	of	Azo1	and	Azo2	compounds	on	exposure	 to	400	ppm	of	benzene	
vapour	 and	 (b)	 the	 dependence	 of	 Azo2	 films	 on	 various	 concentrations	 of	 benzene.	 ΔR/Ro	 corresponds	 to	 the	
normalised	change	in	reflectivity	[152].	SPR	response	to	different	vapours	of	0.4	Ps	in	concentration	for	AZO	films	[153].	
	
Nabok	and	co-workers	[154,	155]	have	shown	the	fast	and	fully	reversible	process	of	adsorption	of	
vapours	of	benzene,	toluene	and	hydrocarbons	(hexane)	on	calixarene	LB	films.	The	investigation	of	
calix[4]arene-derivatives	for	benzene	vapour	sensing	was	further	studied	by	Hassan	et	al.	[152]	using	
spin-coated	 calixarene	 thin	 films.	 The	 author	 investigated	 the	 sensitivity	 of	 azo-benzene	
calix[4]resorcinarene	derivative	(Azo1)	and	calix[4]resorcinarene	derivative	substituted	by	four	azo-
dye	groups	(Azo2)	to	exposures	of	benzene	and	toluene	in	the	range	of	50-400	ppm	using	SPR.	The	
(a)	 (b)	
(c)	
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SPR	 technique	 observed	 the	 change	 in	 the	 signal	 from	 the	 photodetector	 at	 a	 fixed	 angle	 of	
incidence.	Using	SPR,	the	change	 in	the	 local	 index	of	refraction	upon	adsorption	of	gas	vapours	 is	
correlated	to	the	adsorption	properties	of	the	LB	film.	
For	the	SPR	experiments,	the	films	were	subjected	to	a	cycle	of	2-minute	exposure	to	benzene	and	
toluene,	followed	by	2-minute	flashing	in	dry	nitrogen.	During	the	exposure	of	the	films	to	the	VOC	
vapours	the	reflection	intensity	was	measured	as	a	function	of	time.	Figure	2.36	(a)	shows	the	kinetic	
response	 of	 both	 Azo1	 and	 Azo2	 under	 benzene	 exposure	 of	 400	 ppm	 and	 (b)	 shows	 the	
dependence	of	Azo2	under	various	concentrations.	The	sensor	demonstrated	a	 fast	and	reversible	
response,	 but	 it	 degraded	 at	 the	 second	 exposure	 due	 to	 the	 presence	 of	 residual	 benzene	
molecules	 in	 the	 cavities	 of	 the	 calix.	 According	 to	 the	 author,	 the	 Azo2	 films	 showed	 smaller	
response	when	exposed	to	toluene	than	those	exposed	to	benzene	vapour	of	similar	concentrations,	
highlighting	the	selectivity.	The	author	concluded	that	the	Azo2	films	exhibited	higher	sensitivity	to	
benzene	vapours	compared	to	Azo1,	due	to	their	larger	cavity	size	promoted	by	the	extra	aromatic	
ring.	As	a	follow	up	study,	Hassan	and	Nabok	[153]	investigated	the	adsorption	properties	of	tetra-
undecyl-tetra	p-nitrophenylazocalix[4]resorciranene	(AZO)	thin	films	spin-coated	on	Au-coated	glass	
substrates,	on	exposure	to	the	vapours	of	benzene,	toluene,	m-xylene,	hexane	and	1-butanol	using	
SPR.	 The	 relative	 change	 in	 SPR	 response	 (ΔI/Io%)	 of	 AZO	 film	 on	 exposure	 to	 different	 VOCs	 of	
concentration	of	0.4	Ps	(=normal	atmospheric	conditions)	is	shown	in	Figure	2.36	(c).	The	response	of	
the	AZO	 film	 increased	 in	 the	 following	order	of	 vapours:	butanol,	m-xylene,	hexane,	 toluene	and	
benzene.	Benzene	vapours	showed	the	highest	response,	however	it	was	marginally	close	to	toluene	
vapours.	m-xylene	 showed	 a	 weak	 response,	 mainly	 due	 to	 its	 high	 viscosity	 and	 low	 saturated	
vapour	pressure	[153].		
The	 sensitivity	 and	 selectivity	 of	 functionalised	 (R=N+(C2H5)2CH2CH2OH	 Br-)	 calix[4]resorcinarene	
(CBTEA)	towards	BTEX	VOC	vapours	was	also	demonstrated	by	Davis	and	co-workers	[137]	using	SPR	
as	a	function	of	time.	The	thin	LB	film	of	calix[4]resorcinarene	material	(10-layers)	was	deposited	on	
Au-coated	 glass	 substrate	 and	 investigated	 against	 chloroform,	 benzene,	 toluene	 and	 ethanol	
vapours.	Using	LB,	an	ultra-thin	film	with	a	controlled	thickness	at	a	molecular	level	can	possibly	be	
obtained.		
	
Chapter	2	 	 											Background	
67		
	
	
	
	
	
	
	
	
	
	
	
Figure	 2.37	 –	 Kinetic	 response	 of	 sensors	 coated	with	 10	 layers	 of	 resorcarene.	 Inset:	 reproducibility	 of	 the	 film	 for	
chloroform	[137].	
	
Figure	 2.37	 displays	 the	 reflection	 intensity	 as	 a	 function	 of	 time,	 when	 the	 CBTEA	 LB	 film	 was	
exposed	 to	 saturated	 VOCs	 for	 2	minutes,	 followed	 by	 clean	 air	 for	 a	 further	 2-minute	 period	 at	
room	temperature	(20°C).	Figure	2.37	shows	the	very	fast	response	and	the	reversible	operation	of	
the	calix	 receptors.	The	optical	 gas	 sensor	exhibited	 the	 same	 response	 to	all	VOCs,	with	a	higher	
level	 of	 sensitivity	 to	 chloroform	 than	 to	 other	 VOCs.	 This	 is	 due	 to	 the	 stronger	 polarity	 of	
chloroform	molecules,	which	form	stronger	interactions	with	the	sensing	material	compared	to	the	
other	 VOCs.	 However,	 benzene	molecules	 showed	 higher	 sensitivity	 compared	 to	 toluene,	mainly	
due	 to	 their	 different	 symmetry	 and	 polarity.	 The	 author	 concluded	 that	 the	 physiochemical	
properties	of	gas	molecules	(i.e.	polarity)	have	an	influence	on	the	adsorption	behaviour	[137].		
As	 a	 follow-up	 study,	 the	 same	 group	 investigated	 the	 sensing	 properties	 of	 calix[4]arenes	
containing	a	different	number	of	p-tert-butyl	groups	on	their	upper	rims.	Their	kinetic	response	to	
chloroform,	benzene,	toluene	and	ethanol	vapours	was	examined	via	QCM.	Using	the	QCM	method,	
the	change	of	the	fundamental	resonance	frequency	(f0)	upon	mass	deposition	on	the	quartz	crystal	
surface	was	recorded	as	a	function	of	time,	indicating	the	degree	of	the	target	gas	vapour	response	
[144].	
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Figure	 2.38	 –	 Kinetic	 measurements	 of	 a	 calix[4]arene	 thin	 film	 functionalised	 with	 two	 p-tert-butyl	 groups	 with	
increasing	concentration	of	vapours	as	a	function	of	time.	The	gas	concentrations	for	all	VOCs	are	in	the	range	of	2-20	x	
108	ppm	[144].	
	
As	shown	in	Figure	2.38,	the	sample	was	exposed	to	VOCs	for	2	minutes,	followed	by	clean	air	for	a	
further	 2-minute	 period,	 at	 room	 temperature	 (20°C).	 The	 sensor	 showed	 reversible	 host-guest	
interactions,	with	 fast	response	(3	seconds)	and	recovery	(10	seconds)	times.	 It	was	observed	that	
calix[4]arenes	containing	2	p-tert-butyl	groups	reported	better	results	for	organic	vapours	compared	
to	compounds	containing	4,	3	and	0	p-tert-butyl	groups.	Their	kinetic	response	was	in	the	following	
order:	 chloroform>benzene>toluene>ethanol.	 It	 is	 worth	 noting	 that	 benzene	 is	 more	 mobile	
compared	 to	 toluene	 and	 penetrates	 easily	 into	 the	 calix[4]arene	 film,	 despite	 its	 lower	 molar	
volume.	 The	 author	 concluded	 that	 calix[4]arenes	 containing	 p-tert-butyl	 groups	 exhibit	 better	
sensitivity	to	organic	vapours,	with	the	highest		response	to	chloroform	[144].	
All	 studies	 investigated	 the	 kinetic	 response	of	 calix[4]arenes	with/without	 functional	 groups.	 The	
functional	groups	on	the	upper	or	 lower	rim	determine	the	selectivity	and	sensitivity	 in	host-guest	
interactions.	 Both	 SPR	 and	QCM	are	 powerful	 techniques	 used	 to	 determine	 the	 time	 dependent	
kinetic	energies	and	binding	interactions	of	the	gas	molecules	at	a	very	high	sensitivity.	However,	the	
incredibly	 high	 gas	 concentrations	 (>2	 x	 108	 ppm)	 and	 the	 sensing	measurement	 techniques	 used	
(SPR,	 QCM)	 severely	 limit	 their	 usability	 in	 plastic	 electronics	 and	 their	 applicability	 to	 industrial	
applications.		
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2.6 Concluding	Remark	and	Outlook	
In	this	chapter,	 the	synthesis	of	the	SiNWs	for	the	formation	of	the	conducting	channel	of	the	FET	
was	discussed.	In	this	work,	both	CVD-	and	SFLS-grown	SiNWs	were	used	for	the	FET	fabrication.	The	
SFLS	technique	is	the	only	available	technique	that	can	realistically	provide	large	quantities	of	NWs	
for	 industrial	 applications	with	 an	 achievable	 throughput	 of	 a	 few	 kilograms	 of	NW	materials	 per	
day,	 highlighting	 their	 importance	 in	 large-area	 electronics.	 However,	 the	 limited	 control	 of	 their	
morphological	parameters,	with	NWs	being	synthesised	with	various	lengths	and	diameters,	as	well	
as	the	presence	of	crystal	structure	defects,	affect	the	electrical	performance	and	reproducibility	of	
high	 performance	 electronic	 devices.	 A	 suitable	 solution-based	 method	 for	 the	 alignment	 and	
purification	of	SiNWs	is	greatly	important	and	was	extensively	investigated	via	DEP.	
DEP	 is	 the	 only	 available	 solution-based	 deposition	method	 that	 can	 provide	 direct	 nanomaterial	
separation	 based	 on	 their	 electrical	 properties	 and	 precise	 alignment	 on	 pre-defined	 locations.	
Significant	research	has	also	been	conducted	on	other	alignment	techniques,	namely	LB,	BBF,	flow-
directed	assembly,	electrostatic	interactions,	and	mechanical	shear	forces,	but	all	these	techniques	
typically	 deposited	 the	 NWs	 as-synthesised	with	 their	 electrical	 properties	 remaining	 unexplored.	
DEP	 is	an	electrostatic	phenomenon	of	 induced	motion	of	a	polarisable	particle	 (forming	a	dipole)	
when	subjected	to	an	alternating	electric	field.	DEP	can	provide:	(a)	dense,	uniform	and	well-defined	
alignment	 and	 orientation	 of	 NWs	with	 respect	 to	 electrical	 contacts,	 (b)	 NW	 deposition	 on	 pre-
defined	electrode	structures,	(c)	control	of	assembled	NW	densities	between	the	device	electrodes,	
(d)	 selection	of	NWs	 relative	 to	 their	morphological	 properties	 and	 (e)	 reproducible	 fabrication	of	
functional	devices.	The	only	disadvantage	of	this	method	is	the	extra	fabrication	step	for	defining	the	
bottom	alignment	 electrode	 contacts.	 The	DEP	 technique	 is	 generic	 and	applicable	 to	 any	 type	of	
nanomaterials,	 it	 is	 fully	 compatible	 with	 plastic	 and	 printed	 electronic	 approaches	 and	 can	 be	
scaled-up	for	industrial	applications.		
Additionally,	 the	principle	 of	 operation	of	MIS	was	used	 to	 describe	 the	 energy-band	diagrams	of	
NW	FETs	and	the	most	important	FET	parameters	and	definitions	were	introduced.	The	state-of-the-
art	of	SiNW	FETs	was	reviewed,	 introducing	Lieber’s	research	group	advances	 in	high-performance	
flexible	nanoelectronic	devices.		
The	 final	 part	 of	 the	 background	 presents	 the	 potential	 of	 SiNW	 FETs	 for	 sensing	 chemical	 and	
biological	species.	The	advantages	of	SiNWs	compared	to	other	nanomaterials	and	their	applicability	
on	 various	 gas	 applications	 was	 summarised.	 An	 in-depth	 discussion	 on	 the	 working	 principle	 of	
SiNW	FET	as	a	transducer	was	provided,	 including	the	main	sensing	extraction	parameters,	sensor-
design	 considerations	and	 the	 state-of-the-art	of	NW	gas	 sensing.	 The	 research	highlights	of	BTEX	
VOC	 gases	 using	 GaN,	 ZnO	 and	 SiNWs	 functionalised	 with	 organic	 receptors	 and	 calix[4]arene	
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derivatives	were	discussed,	with	a	great	emphasis	on	Haick’s	research	group	-	currently	one	of	the	
leading	researchers	in	SiNW	gas	sensing	applications.		
To	 sum-up,	 this	 chapter	provided	a	 comprehensive	 review	on	SiNW	synthesis	and	deposition,	and	
SiNW	FET	device	physics	and	gas	sensing	applications.	It	is	clear	that	the	method	of	DEP	is	the	most	
promising	solution-processed	 technique	 for	NW	deposition.	However,	 further	 investigation	on	NW	
selectivity	 and	 deposition	 is	 required	 for	 its	 full	 exploration.	 The	 current	 research	 highlights	
emphasise	the	scientific	gap	in	gas	sensing,	which	demands	further	improvement	and	investigation.		
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3	
Silicon	Nanowire	Field-Effect	
Transistor	Fabrication	
	
3.1 Introduction	
This	chapter	demonstrates	the	bottom-up	fabrication	of	SiNW	FET	devices	for	sensing	applications.	
The	 standard	photolithography	process	was	used,	 as	well	 as	 inkjet	 printing	 for	 defining	 the	metal	
electrodes.	The	alignment	of	SiNWs	along	the	s/d	contacts	was	performed	using	both	DEP	and	roll-
cast	coating	alignment	methods.	Both	rigid	(Si/SiO2,	TFT	glass)	and	flexible	(Kapton)	substrates	were	
used.	 In	 the	 following	 sections	 the	 photolithography	 process	 and	 NW	 assembly	 methods	 are	
discussed.	A	schematic	of	the	SiNW	FET	device	used	in	this	work	is	demonstrated	in	Figure	3.1.		
	
	
	
	
	
	
	
	
Figure	3.1	–	Schematic	of	a	bottom-gated	SiNW	FET	device,	 showing	 idealised	alignment	of	NWs	between	source	and	
drain	electrodes.	
	
3.2 Substrate	Preparation	
The	proper	cleaning	of	the	substrates	(a	surface	on	which	the	device	is	built	up)	is	a	very	important	
starting	step	of	the	fabrication	process,	for	providing	a	good	film	adhesion.	The	substrates	must	be	
cleaned	 properly	 in	 order	 to	 avoid	 any	 unwanted	 contaminants	 (organic,	 inorganic	 and	 metallic	
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impurities)	 that	 can	 affect	 the	 fabrication	 process	 and	 device	 performance.	 Both	 solvent-based	
method	 (wet	 cleaning)	 and	 plasma	 cleaning	 were	 used.	 The	 solvent-based	 method	 removes	 any	
contaminated	 substances	 (attached	 impurities)	 from	 the	 substrate,	 whereas	 the	 plasma	 cleaning	
method	removes	organic	residues	from	the	surface	of	the	substrate.		
For	rigid	substrates	(Si/SiO2,	TFT	glass)	the	following	process	was	followed:	
1. Sonication	in	acetone	in	an	ultrasonic	bath:	10	minutes.	
2. Sonication	in	isopropanol	(IPA)	in	an	ultrasonic	bath:	10	minutes.	
3. Sonication	in	methanol	in	an	ultrasonic	bath:	10	minutes.	
4. Oxygen	plasma	treatment:	100	Watts,	5	minutes.	
For	flexible	substrates	(Kapton)	the	following	process	was	followed:	
1. Sonication	in	Decon	90/de-ionised	(DI)-water	(ratio	1:100)	in	an	ultrasonic	bath:	10	minutes.	
2. Sonication	in	DI-water	in	an	ultrasonic	bath:	10	minutes.	
3. Sonication	in	IPA	in	an	ultrasonic	bath:	10	minutes.	
4. Sonication	in	methanol	in	an	ultrasonic	bath:	10	minutes.	
5. Oxygen	plasma	treatment:	30	Watts,	3	minutes.	
	
3.3 Nanowire-Formulation	Preparation	
Both	SFLS-	and	CVD-grown	SiNWs	were	used	in	this	work.		
The	preparation	of	the	formulation	was	adopted	according	to	the	deposition	method	(DEP,	roll-cast	
coating).	The	SiNWs	were	initially	diluted	in	toluene	or	chloroform	(as	received).	The	formulations	of	
SiNWs	were	further	diluted	to	obtain	an	empirically	optimal	concentration	(≈1	μg/mL)	 for	the	DEP	
processing.	 The	 SiNW	 formulation	 includes	 3	μg	of	NWs	 (diluted	 in	 60	μL	of	 toluene/chloroform),	
and	 dispersed	 in	 ≈3	 mL	 of	 N,	 N	 –	 Dimethylformamide	 (DMF).	 The	 ratio	 of	 concentration	 of	
toluene/chloroform	to	DMF	was	1:50.	For	roll-cast	coating	the	concentration	was	denser	(1:20),	as	
opposed	to	DEP	(1:200).	In	this	work	DMF	(Sigma-Aldrich,	CAS	Number:	68-12-2)	and	anisole	(Sigma-
Aldrich,	CAS	Number:	100-66-3)	were	used	as	surfactant	solvents.	According	to	Holmberg	et	al.	[1],	
anisole	provides	better	dispersion	and	more	uniform	NW	deposition	compared	to	other	solvents	(i.e.	
hexane,	toluene).	The	DMF	solvent	was	used	in	the	NW	analysis	via	DEP,	as	well	as	for	NW	surface	
functionalisation,	as	further	discussed	in	Chapters	5	and	6,	respectively.	
The	highly	 concentrated	 formulation	of	MPS	SiNWs	 (Au-seeded)	 suspended	 in	 toluene/chloroform	
(3mL)	 and	 in	 powder	 form,	 was	 supplied	 by	 Prof.	 Korgel’s	 research	 group,	 University	 of	 Texas	 at	
Austin,	Texas,	USA	[2,	3].	Due	to	the	nature	of	the	SFLS-grown	SiNWs	(long	and	curly)	they	tend	to	
form	clusters,	thus	a	proper	technique	for	dispersion	was	needed	(Figure	3.2,	a).	An	ultrasonic	bath	
was	used	for	the	dispersion	of	the	SiNWs,	but	sonication	caused	many	of	them	to	break,	resulting	in	
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a	 reduction	of	 their	 average	 length.	 Thus,	 the	NW	 formulation	was	 transferred	 into	 a	 syringe	 and	
ejected	back	to	the	‘walls’	of	the	vial.	The	shear	forces	applied	on	the	NWs	when	they	hit	the	walls	of	
the	 vial	 are	 enough	 to	 break	 their	 clusters	 and	 disperse	 them	 into	 single	 NWs	 without	 breaking	
them.	This	process	was	repeated	several	times	(x20).	The	NW	dispersion	was	maintained	by	a	brief	
sonication	(≈10-20	seconds)	at	 low	power	(200	W),	prior	to	the	NWs	deposition	for	analysis	or	FET	
device	fabrication.		
	
Figure	 3.2	 –	 SEM	 image	 (FET	 Quanta	 ESEM)	 of	 the	 (a)	 SFLS-grown	 and	 (b)	 CVD-grown	 Si,	 transferred	 onto	 a	 Si/SiO2	
substrate	using	the	drop-casting	technique.	
	
The	 CVD-grown	 SiNWs	were	 supplied	 by	 the	Materials	 Science	 and	 Engineering	Division,	 National	
Institute	of	Standards	and	Technology	(NIST),	Gaithersburg,	Maryland,	USA	[4,	5].	The	sample	of	the	
CVD-grown	SiNWs	(grown	on	a	Si	substrate)	was	placed	in	a	small	vial	along	with	1.5	mL	of	anisole,	
and	sonicated	at	low	power	(200	W)	for	10-15	seconds	(Figure	3.2,	b).	Then,	the	appropriate	portion	
of	the	NW	solution	was	transferred	to	a	new	vial,	using	a	micro-pipette,	following	the	concentration	
ratios	discussed	above.		
The	NW	 formulations	were	 stored	 in	 the	N2-filled	glove	box	 to	avoid	any	oxidation	of	 the	NWs.	 It	
must	be	noted	that	the	condition	of	the	SiNW	formulation	can	severely	affect	the	performance	and	
reproducibility	 of	 the	 potential	 SiNW	 FET	 device.	 Before	 use,	 the	NW	 formulation	was	 shaken	 by	
hand	and,	when	needed,	a	short	time	sonication	(10-20	seconds)	at	low	power	(200	W)	was	used	for	
re-suspension	and	for	maintaining	the	NW	dispersion.	
	
	
	
(a)	 (b) (b)	
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3.4 Dielectric	Deposition	of	Parylene-N	
Parylene-N	is	a	vapour	phase	deposition	dielectric	material	(Figure	3.3),	which	presents	the	highest	
dielectric	strength	out	of	the	three	versions	of	Parylene	(N,	C,	D).	The	advantages	of	using	Parylene-
N	 include	 its	 low-cost,	 low	 dielectric	 constant	 (≈2.65)	 invariant	 with	 frequency	 (as	 opposed	 to	
Parylene	C	and	D),	the	formation	of	a	very	high-quality	pin-hole	free	dielectric	layer,	the	formation	of	
conformal	 solid	 films	 of	 electrically	 insulating	 nature	 (high	 breakdown	 voltage),	 and	 temperature	
stability,	compared	to	Parylene-C	[6].	Parylene-N	is	pin-hole	defect-free	due	to	the	dense	monomer	
deposition,	 which	 provides	 high	 chemical	 stability	 (insoluble	 to	 most	 solvents).	 Also,	 its	 uniform	
dielectric	coating,	which	conforms	to	any	shape	(even	sharp	edges),	presents	a	significant	advantage	
over	 spin-coated	 dielectrics,	 such	 as	 fluoropolymer	 CytopTM	 [7].	 Most	 importantly,	 Parylene-N	
exhibits	high	resistance	to	acetone,	with	0.4%	thickness	change	due	to	swelling,	making	 it	suitable	
for	photolithography/lift-off	fabrication	processes	as	a	bottom/top-gated	dielectric	[8].		
	
	
	
	
	
	
	
	
Figure	3.3	–	Parylene-N	chemical	structure	[9].	
	
The	deposition	of	the	Parylene	dielectric	was	carried	out	in	a	custom-built	deposition	apparatus.	The	
deposition	 setup	 of	 Parylene	 is	 composed	 of	 three	 different	 steps	 (sublimation,	 pyrolysis,	
polymerisation),	 as	 demonstrated	 in	 Figure	 3.4.	 The	 substrate	 was	 positioned	 in	 the	 quartz	 tube	
(deposition	 chamber),	 outside	 the	 high-temperature	 furnace	 (pyrolysis),	 which	 remains	 at	 room	
temperature.	The	Parylene	powder	was	filled	in	an	alumina	boat	and	positioned	in	the	middle	of	the	
low-temperature	 furnace	 (vapouriser).	 The	 quartz	 tube	 (deposition	 chamber)	was	 connected	 to	 a	
roughing	vacuum	pump.	The	Parylene	deposition	process	was	performed	in	vacuum	conditions	(≈6-
10	mTorr)	for	the	free	movement	of	source	molecules	(no	collisions	with	air	molecules).	This	process	
eliminates	contamination	issues	and	avoids	the	burning	or	oxidation	of	the	organic	molecules	in	the	
presence	of	atmospheric	oxygen	[7,	10].	
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Figure	3.4	-	Vacuum	deposition	setup	of	Parylene	[7].	
	
The	 first	 step	 of	 the	 deposition	 process	 is	 called	 sublimation,	 which	 is	 performed	 in	 the	 low-
temperature	 furnace	 (vapouriser).	 The	 Parylene	 powder	 (white	 granules	 or	 Parylene	 dimmers)	
sublimates	(i.e.	vapourises)	in	the	furnace	at	150°C.	Then,	the	vapour	flows	to	the	high-temperature	
furnace	(pyrolysis)	and	is	pyrolised	into	monomer	vapour	at	680-700°C.	Finally,	the	monomer	vapour	
flows	to	the	front	of	the	tube,	outside	the	pyrolysis	oven,	and	polymerises	on	the	sample	surface	at	
room	temperature	(≈25°C)	[7,	10].	
This	process	offers	compatibility	with	 flexible	plastic	substrates,	due	to	the	dielectric	deposition	at	
(near)	room	temperature.	Also,	the	film	deposition	can	be	as	thin	as	a	few	nanometers	to	as	thick	as	
several	 micrometers,	 simply	 by	 controlling	 the	 pressure	 of	 the	 vapour	 phase	 deposition	 and	 the	
amount	of	Parylene	powder	(in	grams)	[7,	10].	
	
3.5 Source-Drain	Patterning	 	
3.5.1 Photolithography	(Lift-Off)	
Photolithography	was	the	main	process	used	in	this	work	to	define	the	source	and	drain	electrodes.	
Photolithography	 originates	 from	 the	 Greek	 ‘to	 write	 on	 stone	 with	 light’.	 The	 patterning	 of	 the	
electrode	 contacts	 (template)	 uses	 light	 exposure	 (UV	 range)	 and	 the	 minimum	 feature	 size	 is	
limited	to	the	wavelength	of	the	light	source.	The	cleaning	process	already	discussed	in	section	3.2	is	
a	 vital	 part	 of	 this	 process,	 as	 it	 may	 lead	 to	 poor	 adhesion	 of	 the	 chemical	 resists	 used	 in	
photolithography.	 The	 spin-coating	method	was	 used	 for	 the	maximum	 coating	 uniformity	 of	 the	
chemical	 resists	 (at	 3500	 rpm	 for	 45	 seconds).	 Using	 spin-coating	 the	 chemical	 resist	 flies	 off	 the	
edge	of	the	sample	and	uniformly	spreads	and	covers	the	surface	of	the	substrate.	The	thickness	of	
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the	 resist	 layer	 is	 determined	 by	 the	 viscosity	 of	 the	 photoresist,	 and	 the	 speed	 and	 duration	 of	
rotation.	Also,	duration	controls	the	smooth	uniformity	of	the	resist.		
	
Figure	3.5	-	Photoresist	thickness	(Angstrom)	vs.	spin	speed	(rpm)	for	(a)	PGMI	SF-6	resist	and	(b)	S-1805	photoresist	[11,	
12].	
	
Bilayer	 lithography	 was	 used	 for	 the	 lift-off	 procedure,	 which	 helps	 to	 provide	 a	 much	 higher	
resolution	and	better	lift-off.	The	process	started	by	spin-coating	PRIMER	(Hexamethyldisilane,	abr.	
HMDS).	Then,	PMGI	SF-6	resist	(Micro	Chem.)	was	spin-coated	on	the	substrate	and	soft-baked	for	5	
minutes	at	155°C.	PMGI	SF-6	provides	good	properties	 for	 lift-off,	due	 to	 its	 resistance	 to	acetone	
and	the	formation	of	the	so-called	‘undercut’.	Afterwards,	positive	photoresist	S-1805	(Micro	Chem.)	
was	 spin-coated	 on	 the	 substrate	 and	 soft-baked	 for	 2	 minutes	 at	 120°C.	 The	 thickness	 of	 the	
photoresists	can	be	controlled	by	the	rate	of	the	revolution	of	the	spin-coating	plate	(Figure	3.5)	and	
the	 soft-baking	 temperature.	 Soft-baking	 was	 used	 to	 densify	 and	 evaporate	 some	 of	 the	
concentration	 of	 the	 photoresist.	 At	 this	 stage,	 the	 substrate	 becomes	 photosensitive	 (i.e.	
imageable)	and	is	ready	for	UV-exposure.	According	to	Figure	3.5	(a)	and	(b),	the	thickness	of	PMGI	
SF-6	 was	 calculated	 to	 be	 around	 220	 nm,	 and	 S-1805	 around	 500	 nm.	 All	 chemicals	 were	 spin-
coated	 at	 3500	 rpm	 for	 45	 seconds.	 A	 chromium	 photomask	 was	 used	 for	 the	 exposure	 of	 the	
substrates.	It	selectively	exposes	the	photoresist	thin-film	to	a	high	intensity	UV-light	(in	the	region	
of	 300	 nm)	 for	 a	 predetermined	 period	 of	 time,	 depending	 on	 the	 thickness	 and	 the	 type	 of	
photoresist	 material	 (in	 our	 case	 the	 lamp	 intensity	 for	 exposure	 was	 set	 to	 7	 mW/cm2	 for	 6.7	
seconds	 –	 using	 Karl	 Suss	MA-1006).	When	 the	 light	 of	 high	 energy	 hits	 the	 photoresist	 layer,	 it	
makes	 it	 soluble	 in	developer	 solvents.	During	 the	exposure,	 the	 substrate	 comes	 in	 close	 contact	
with	the	photomask,	so	the	mask	pattern	is	precisely	transferred	to	the	photoresist	material	without	
any	 reflection	 between	 the	 photomask	 and	 the	 substrate.	 After	 the	 UV	 exposure,	 the	 substrates	
were	 developed	 in	 MF-319	 developer	 (Micro	 Chem.)	 for	 25-30	 seconds,	 which	 is	 specifically	
developed	 and	 optimised	 for	 use	 with	 the	 1800-photoresist	 series.	 The	 developer	 removes	 the	
(b)	(a)	
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soluble	areas	of	the	photoresist	(S-1805),	i.e.	dissolves	the	photoresist	areas	that	are	exposed	to	UV-
light	 (Figure	 3.6,	 a).	 Then,	 the	 substrates	 were	 washed	 with	 DI-water	 (as	 recommended	 by	 the	
manufacturer)	 and	 dried	 out	 with	 a	 N2	 blow-gun.	 During	 the	 development,	 PMGI	 SF-6	 develops	
isotropically,	as	opposed	 to	S-1805,	which	develops	anisotropically,	 thus	a	gap	 is	 created	between	
the	two	chemicals	(undercut),	as	shown	in	Figure	3.6	(b),	which	is	the	key	point	for	an	easy	lift-off.	
The	 development	 time	 is	 a	 very	 critical	 step	 for	 the	 quality	 of	 this	 process,	 and	 mostly	 for	 the	
formation	of	the	undercut.			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	3.6	–	(a)	FET	s/d	IDA	electrode	structures	formed	using	photolithography.	The	undercut	is	visually	shown	(black	
horizontal	line)	on	(b).	
	
	
	
	
	
	
	
	
	
Figure	3.7-	 Illustration	of	 the	photolithography	process,	 (a)	PMGI	SF-6	spin-coated	and	soft-baked,	 (b)	 image	resist	 (S-
1805)	spin-coated	and	soft-baked,	(c)	photoresist	exposed	to	UV	through	a	shadow	mask,	(d)	photoresist	developed	in	
MF-319	developer,	(e)	metal	deposition,	(f)	lift-off	[12].	
	
The	next	step	in	the	photolithographic	process	is	called	metal	deposition.	Au	metals	were	used	and	
deposited,	 either	 by	 sputtering	 (JLS	MPS	 500	 Loadlocked	 Sputter	 Coating)	 or	 evaporating	 (Kurt	 J.	
Lesker).	A	very	thin	layer	(≈2	nm)	of	Ti	was	deposited	as	an	adhesion	metal,	followed	by	50	nm	Au	
metal	 on	 top.	 The	 sputtering	 involves	 the	 heating	 of	 a	 piece	 of	 material	 (metal	 target)	 with	 an	
electron	 beam,	 until	 it	 produces	 an	 ionised	 gas	 and	 contacting	 the	 sample	 from	 all	 directions,	
whereas	evaporation	involves	the	heating	of	a	piece	of	material	(in	vacuum)	until	it	sublimates	and	
(a)	 (b)	
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then	 evaporates,	 sending	 molecules	 in	 straight	 lines	 from	 the	 source	 to	 the	 sample	 where	 they	
adhere	 [13].	 During	 lift-off,	 only	 the	 exposed	 areas	 (mask	 patterned)	 remained	metallised	 on	 the	
substrate.	 Acetone	 was	 used	 as	 the	 resist	 removal	 solvent	 in	 this	 work.	 It	 diffuses	 through	 the	
undercut	gaps	and	lifts	off	both	the	photoresist	(S-1805)	and	any	other	metal	deposited	on	top	of	it.	
Alternatively,	1165	Microposit	Remover	(known	as	NMP)	baked	at	70°C	can	be	used.	If	lift-off	is	not	
very	 successful,	 a	 very	 soft	 sonication	 (200W,	 10	 seconds)	 of	 the	 substrate	 can	 help.	 Excessive	
sonication	must	be	avoided	as	it	destroys	the	metal	contacts.	Next,	the	PMGI	SF-6	that	was	left	on	
the	 substrate	 (due	 to	 its	 resistance	 to	 acetone/NMP)	 was	 removed	 by	 flood	 exposing	 (substrate	
exposed	to	UV-light	without	using	a	photomask)	for	25	seconds,	and	was	developed	for	30	seconds.	
UV-light	 exposure	 makes	 the	 resist	 soluble	 when	 immersed	 in	 the	 developer.	 A	 conceptual	
illustration	of	the	photolithographic	process	is	shown	in	Figure	3.7.	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	 3.8	 –POM	 images	 (Leica	 DM2500)	 of	 the	DEP	 structures	widely	 used	 in	 this	work.	 (a)	 bar-shaped	 and	 (b)	 IDA	
electrodes.	
	
The	Polarised	Optical	Microscope	 (POM)	 images	 shown	 in	 Figure	3.8,	 illustrate	 the	DEP	 structures	
used	in	this	project;	(a)	bar-shaped	and	(b)	IDA	electrodes.	For	NW	FET	devices	aligned	via	DEP,	this	
process	 was	 carried	 out	 twice	 (for	 bottom	 and	 top	 contacts).	 After	 the	 DEP	 alignment,	 a	 second	
photolithographic	lift-off	step	was	performed	on	top	of	the	aligned	NWs	to	improve	the	NW-contact	
properties.	 A	 80	 nm	 thick	 top	 electrode	 (of	 the	 same	 metal	 used	 for	 bottom-contacts)	 was	
sputtered/evaporated	 on	 top	 of	 the	 aligned	 NWs.	 The	 top	 ‘wrap-around’	 electrodes	 increase	 the	
NW-metal	contact	area	and	enhance	current	injection.	For	the	CVD-grown	SiNWs	only,	prior	to	the	
(a)	
(b)	
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metal	deposition,	the	edges	of	the	NWs	at	the	s/d	contact	regions	underwent	a	diluted	HF	treatment	
for	 12	 seconds	 to	 remove	 the	 native	 oxide	 layer	 of	 the	NWs	 [4,	 5,	 14],	 thereby	 forming	 a	 ‘clean’	
semiconductor-electrode	contact	region.	Following	metal	layer	deposition,	a	brief	sonication	(≈10	s)	
at	low	power	(≈200	W)	was	applied	to	conduct	lift-off	structuring	of	the	electrodes,	and	at	the	same	
time	preserves	the	integrity	of	the	NWs.	After	the	completion	of	the	fabrication,	the	FET	device	was	
annealed	 at	 250°C	 for	 45	 to	 60	 minutes	 to	 improve	 the	 integrity	 of	 the	 metal-semiconductor	
contacts	[15].	The	device	fabrication	is	limited	to	250°C,	suitable	for	plastic	electronic	applications.	
	
3.5.2 Inkjet-Printing	
An	 alternative	 method	 of	 patterning	 the	 s/d	 contacts	 is	 the	 Ink-jet	 printer	 (FUJIFILM,	 Dimatix	
Materials	Printed	DMP-2800	series),	seen	 in	Figure	3.9,	 (a,	b).	The	ability	to	produce	fine	 lines	and	
thin	layers,	with	a	wide	range	of	metal-nanoparticles	available	for	printing	(Ag,	Cu,	Ni,	Au),	set	ink-jet	
printing	 as	 an	 attractive	 technology	 for	 nanofabrication.	 The	 potential	 of	 producing	 low-cost	
electronic	 devices	 in	 a	 fast	 fabrication	 process	 is	 mainly	 attributed	 to	 the	 digital	 imaging,	 which	
eliminates	 the	 multiple	 process	 steps,	 high	 energy	 radiation,	 and	 high	 processing	 temperatures	
involved	 in	photolithography.	Additionally,	 the	expensive,	 fragile	and	un-alterable	master	patterns	
(e.g.	shadow	masks)	are	not	needed,	since	the	mask	design	(drawing	data)	can	be	changed	digitally	
through	 computer	 software	 (CAD	 program)	 and	 can	 enhance	 the	 experimentation	 with	 different	
patterns	[16].	In	this	work,	the	MPS	SiNWs	were	deposited	prior	(using	drop	casting)	or	after	(using	
DEP)	the	patterning	of	the	s/d	electrodes,	as	shown	in	Figure	3.9	(c,	d).	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	 3.9	 –	 Ink-jet	 printed	 IDA	 s/d	 electrodes	 on	 a	 Si/SiO2	 substrate	 using	 Ag	 nanoparticle	 ink,	 captured	 using	 (a)	
printer’s	 integrated	 camera	 and	 (b)	 a	 polarised	microscope.	 (c)	 Bar-shaped	 electrodes	 were	 printed	 on	 top	 of	 drop-
casted	MPS	SiNWs.	(d)	MPS	SiNWs	were	DEP	aligned	on	top	of	IDA	electrodes.		
(a)	 (b)	
(c)	 (d)	
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The	 principle	 of	 operation	 of	 ink-jet	 printer	 is	 based	 on	 the	 deposition	 of	 microscopic,	 tightly	
controlled	 metal	 droplets	 (also	 expressed	 as	 round	 metal	 islands)	 under	 robotic	 control	 in	 a	
programmable	 manner,	 called	 drop-on-demand	 (DoD)	 ink-jet	 printers.	 The	 metal	 droplets	 are	
dispersed	in	a	solution	and	are	deposited	at	room	temperature.	The	metal	droplets	are	ejected	from	
the	nozzle	in	response	to	a	pressure	impulse	in	the	ink	chamber.	The	pressure	impulse	is	generated	
by	a	piezocrystal	that	deforms	when	a	voltage	pulse	is	generated	under	computer	control.	When	the	
piezocrystal	is	biased,	a	glass	tube	is	squeezed	and	the	droplet	solution	is	ejected.	When	the	solution	
is	dropped	on	 the	surface	of	 the	substrate,	 it	evaporates	 (the	substrate	panel	 is	heated	at	around	
75°C)	 and	 leaves	 a	 round	 deposit	 of	 solid	 material.	 During	 the	 droplet	 ejection,	 the	 print	 head	
(nozzle)	 robotically	moves	 over	 the	 substrate,	 leaving	 round	 droplets	 according	 to	 the	 pre-loaded	
design	pattern	[17].	
The	main	challenges	of	ink-jet	printing	include	the	adjustment	of	the	ink	viscosity,	ink	concentration,	
ink	 spreading	 and	 ink	 drying,	 which	 control	 the	 shape,	 thickness	 and	 morphology	 of	 the	 dried	
droplets	[16].	
The	advantages	of	using	ink-jet	printing	are	the	low	investment	and	operation	costs,	as	well	as	the	
avoidance	of	 the	numerous	 fabrication	steps	 required	 in	 the	photolithographic	processing	 (section	
3.5.1).	 However,	 the	 resolution	 of	 the	 ink-jet	 printing	 is	 low,	 compared	 to	 the	 most	 established	
photolithographic	 technique	 which	 has	 pushed	 the	 resolution	 limit	 into	 the	 sub-micrometer	 and	
tenths	of	nanometers	regime	on	Si	substrates	[16].	
	
3.6 Influence	of	the	Source-Drain	Metal		
In	 this	work,	 various	metals	 as	 s/d	 electrodes	were	 examined	 though	 FET	 fabrication,	 in	 order	 to	
determine	 the	 suitable	metal	 contacts	 for	 high-performance	p-type	 SiNW	FET	devices.	Due	 to	 the	
variations	in	the	NW	number,	a	normalised	value	was	obtained	(ID/No	of	NWs).	Figure	3.10	(a)	and	
Table	3.1	 show	 the	basic	properties	of	 the	metals	used.	A	 typical	 transistor	 transfer	 characteristic	
plot	with	various	s/d	metals	is	shown	in	Figure	3.10	(b).	Aluminium	(Al)	and	Ti	metals	were	avoided	
due	to	the	high	oxidisation	rate	of	their	surface	when	exposed	to	ambient	conditions,	leading	to	an	
effective	variable	work	function	when	used	for	bottom-contact	devices.			
Also,	 the	 barrier	 height	 for	 holes	 is	 the	 main	 requirement	 for	 high	 charge-carrier	 conduction	 as	
discussed	in	section	2.4.3.2.	
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Figure	3.10	–	(a)	Schematic	showing	various	metals	with	their	corresponding	work-function	(eV)	for	clean	surfaces	with	
respect	 to	 Si	 energy	band	diagram.	 (b)	 I-V	 characteristic	 of	 SiNW	FETs	with	 various	metals	 as	 s/d	 electrodes.	 The	 I-V	
characteristic	of	the	FET	devices	were	normalised	to	the	number	of	SiNWs	aligned	in	their	FET	channel.	Note:	FETs	with	
Au,	Ni,	 Pd	 and	Ag	 electrode	 contacts	 had	 SiNWs	 aligned	 (through	DEP)	 at	 5	MHz.	 FETs	with	 Pd	 and	Ag-Pd	 electrode	
contacts	had	SiNWs	aligned	 (through	DEP)	 at	 20	MHz.	Both	DEP	 frequencies	 share	 the	high-frequency	DEP-region,	 as	
further	discussed	in	Chapter	5.	
	
Table	3.1	–	List	of	the	metals	and	their	annealing	temperatures	used,	as	shown	in	Figure	3.10	(b)	[18].	
Metals	 Work	function	(eV)	
Barrier	height	for	
holes	(eV)	
ION/OFF	ratio	 FET	annealing	
Gold	(Au)	 5.10	 0.07	 106	
250	°C/1	hour		
(N2-filled	glove	box)	
Nickel	(Ni)	 5.15	 0.02	 105	
450	°C/3	minutes		
(N2-filled	CVD	chamber)	
Palladium	(Pd)	 5.40	 0.23	 105-106	
300	°C/1	hour	
(N2-filled	glove	box)	
Silver	(Ag)-	
Palladium	(Pd)	
5.40*	 0.23*	 105	
250	°C/1	hour	
(N2-filled	glove	box)	
Silver	(Ag)	 4.26	 0.91	 104	
250	°C/1	hour	
(N2-filled	glove	box)	
*	A	similar	FET	characteristic	performance	was	observed	from	Pd	and	Ag-Pd	s/d	electrode	contacts.	This	might	conclude	
that	the	charge	injection	originates	from	the	upper	electrode	contact,	which	wraps	the	surface	of	the	NW.	
	
According	to	Figure	3.10	(b),	Au,	Ni	and	Pd	favour	the	hole	transport	due	to	their	high	work-function.	
It	is	expected	that	the	barrier	height	for	holes	in	Au-Si	and	Ni-Si	is	lower	than	Pd-Si	and	Ag-Si.	Even	
though	 Ag	 favours	 electron	 transport,	 no	 decent	 n-type	 FET	 response	 was	 observed.	 The	 high	
performance	of	the	FET	devices	fabricated	with	Au,	is	attributed	to	the	small	barrier	height	(0.07	eV)	
and	to	the	interfacial	layer	between	the	MPS	shell	of	the	SFLS-grown	SiNWs	and	the	Au	electrodes.	
However,	 Ni	 electrodes	 showed	 comparable	 performance	 with	 Au	 electrodes.	 Even	 though	 the	
barrier	 height	 for	 holes	 in	Ni-Si	 (0.02	 eV)	 is	 lower	 than	Au-Si	 (0.07	 eV),	when	 the	 FET	 device	was	
(a)	 (b)	
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annealed	 at	 250°C/1	 hour	 in	 the	 glove	 box	 (N2)	 it	 showed	 a	 very	 poor	 performance	 (silicidation	
becomes	 vital).	 However,	 for	 the	 optimisation	 of	 the	 FET	 devices	 with	 Ni	 s/d	 electrodes,	 the	
formation	of	Ni-silicide	was	used.		
	
3.7 Nickel	Silicide	Formation:	Advantages	and	Challenges	
Nickel	 Silicide	 (NiSi)	 is	 a	 well-studied	method	 in	 the	microelectronic	 industry	 (started	 in	 the	mid-
1970s)	for	metalising	a	section	from	both	ends	of	the	body	of	the	SiNW,	due	to	the	reaction	of	the	
metal	and	 the	SiNW	during	 the	heating	process.	During	 the	heating	 (annealing)	process	 the	nickel	
(Ni)	metal	 from	the	metal	electrode	diffuses	along	 the	NW	 length	providing	 low	 resistivity.	As	 the	
annealing	 temperature	 increases,	 the	 resistivity	 is	modified	by	 the	 successive	 formation	of	 silicide	
phases.	 Depending	 on	 the	 applied	 temperatures,	 processing	 parameters,	 and	 substrate	 variations	
(i.e.	dopant	type	and	concentration,	cleaning	conditions,	substrate	type),	eleven	phases	exist	in	the	
Ni-Si	diagram.	Only	six	of	these	are	stable	at	room	temperature	(Ni
3
Si,	Ni
31
Si
12
,	Ni
2
Si,	Ni
3
Si
2
,	NiSi	and	
NiSi
2
),	 with	 only	 three	 of	 them	 being	 the	 major	 phases	 (Ni
2
Si,	 NiSi	 and	 NiSi
2
),	 highlighting	 the	
complexity	 of	 the	phase	 formation	 [19].	Ni
2
Si	 (200-350°C)	 is	 considered	 the	 early	 phase	 sequence	
and	 is	 followed	by	NiSi	 and	NiSi
2	
(750-1000°C)	 at	 higher	 processing	 temperatures,	with	NiSi	 being	
achieved	at	350-750°C	providing	lowest	resistivity	out	of	all	the	phase	sequences	[19-21].	According	
to	Deng	et	al.	[20],	NiSi	is	stable	from	450	to	700°C	(Figure	3.11).	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	3.11	–	NiSi	 resistivity	as	a	 function	of	annealing	temperature	 for	a	1-minute	anneal.	Ni2Si	 formed	at	350°C	and	
Ni
2
Si	and	NiSi	coexisted	at	400°C.	NiSi	was	stable	on	Si	substrates	from	450	to	700°C.	After	the	sample	was	annealed	at	
750°C,	NiSi2	started	to	form	[20].	
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The	advantages	of	using	NiSi	are	listed	below	[19,	20]:	
• Reduction	 in	 the	 thermal	 budget.	 Comparing	NiSi	 to	 Cobalt	 Silicide	 (CoSi2),	 CoSi2	 forms	 at	
about	 600°C	 to	 above	 800°C.	 Also,	 at	 900°C	 the	 solubility	 of	 Ni	 is	 about	 4	 orders	 of	
magnitude	greater	than	that	of	Co	and	the	solubility	of	Ni	in	Si	at	500°C	is	close	to	6	orders	
of	magnitude	greater	than	that	of	Co.		
• Large	stable	processing	temperature	window.	
• Lower	resistivity	and	reduced	Si	consumption	(≈35%)	compared	to	CoSi2.	It	mainly	depends	
to	the	quality	of	the	NiSi	formed.	Note:	it	is	crucial	to	limit	Si	consumption.	
• Formation	 controlled	 by	 diffusion	 of	 Ni.	 The	 formation	 evolves	 uniformly	 as	 opposed	 to	
nucleation-controlled	reactions	(i.e.	Ti,	Co	silicides).		
• Low	cost	metal	deposition	compared	to	Au.	
• Self-aligned	 technique	 for	 shortening	 the	 physical	 channel	 length	 (L’)	 by	 a	 desired	 value.	
Effectively,	 shorter	 lengths	 that	 are	 not	 feasible	 with	 the	 current	 resolution	 of	 the	
photolithography	can	be	manufactured.		
However,	the	formation	of	NiSi	carries	several	challenges	as	described	below	[19]:	
• Understanding	the	phase	formation	and	sequence	at	low	temperatures.		
• Controlling	and	limiting	diffusion	of	Ni	in	Si.	
• Avoiding	 high	 temperature	 formation	 of	 NiSi2.	 NiSi2	 is	 twice	 as	 resistive	 as	 NiSi,	 and	 it	
consumes	 twice	 as	 much	 Si.	 NiSi2	 is	 much	 rougher,	 as	 it	 forms	 through	 a	 nucleation-
controlled	reaction.		
• Increase	of	the	morphological	stability	of	NiSi.		
	
3.7.1 Formation	of	Nickel-Silicide	Contacts	
DEP-aligned	 MPS	 SiNWs	 were	 used	 in	 this	 work.	 The	 fabrication	 of	 p-type	 FETs	 was	 discussed	
previously	 (see	 section	 3.5.1).	 The	 NiSi	 formation	 was	 examined	 via	 I-V	 characterisation.	
Characterisation	 techniques,	 including	 conductive-Atomic	 Force	 Microscopy	 (c-AFM)	 and	 Energy-
Dispersive	X-ray	spectroscopy	(EDX)	are	discussed	in	sections	4.5.1	and	4.52,	respectively.		
The	 formation	 of	 NiSi	 was	 performed	 in	 nitrogen	 (N2),	 in	 a	 CVD	 chamber.	 The	 temperature	 was	
ramped-up	from	49.5	to	453°C	in	8.5	seconds	and	maintained	at	450°C	for	3	minutes	(Figure	3.13,	b).	
Both	3-minute	and	5-minute	annealing	times	were	tested	with	no	noticeable	performance	changes.	
A	schematic	diagram	of	the	NiSi	formation	is	illustrated	in	Figure	3.12	(a),	highlighting	the	channel’s	
length	 shortening	 (L’)	 after	 annealing.	 The	 SiNW	 FET	 active	 region	 was	 measured	 by	 Scanning	
Electron	Microsopy	(SEM)	(FET	Quanta	ESEM),	as	seen	in	Figure	3.12	(b).	The	annealing	of	the	active	
region	 of	 the	 channel	 gap	 reduced,	 with	 the	 speed	 of	 reduction	 (nm/sec)	 determined	 by	 the	
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annealing	temperature	and	processing	time.	The	active	region	was	significantly	shortened	from	9.5	
μm	 (L)	 to	 5.75	 μm	 (L’)	 -	 40%	 decrease	 -	 thus	 the	 charge-carrier	 injection	 took	 place	 through	 the	
Schottky	contacts	of	the	active	region	(L’).		
	
	
	
	
Figure	3.12	–	(a)	Cross-sectional	view	of	the	SiNW	FET.	Annealing	leads	to	the	reduction	of	the	physical	channel	length,	
shortening	the	active	region	from	L	to	L’.		(b)	SEM	(FET	Quanta	ESEM)	image	of	the	FET	device	annealed	at	450°C	for	3	
minutes.	The	length	of	the	active	region	was	shortened	from	L	(=9.5	μm)	to	L’	(=5.75	μm)	by	40%.		
	
	
The	 transport	 properties	 of	 SiNWs	before	 and	 after	 annealing	were	measured	 in	 a	N2-filled	 glove	
box	 using	 a	 Keithley	 4200	 SCS.	 Twenty	 (20)	 FET	 devices	 were	 measured,	 as	 shown	 in	 Figure	 B1,	
Appendix	B.	As	shown	in	Figure	3.13	(a),	the	ION/OFF	ratio	increased	from	102	to	106	after	annealing.	
Figure	3.13	(c)	provides	a	better	understanding	on	the	impact	of	nickel	silicidation,	by	comparing	the	
transport	 behaviour	 of	 the	 same	 device	 measured	 after	 being	 annealed	 on	 a	 hot	 plate	 (250°C/1	
hour)	and	 in	a	CVD	chamber	 (450°C/3	minutes).	The	 increase	of	 the	 ION	and	 ION/OFF	 ratio	 is	strongly	
dependent	 on	 the	 channel	 length.	 More	 than	 one	 order	 of	 magnitude	 increase	 on	 the	 ION	 was	
observed	 after	 silicidation,	 due	 to	 the	 decrease	 of	 the	 channel	 length	 (Figure	 3.12,	 b)	 –	 less	 hole	
scattering.	 It	 can	 be	 concluded	 that,	 the	 reduction	 of	 the	 channel	 length	 dominates	 the	 total	
transistor	 resistance	and	 the	charge	 transport	of	 the	SiNW.	Several	devices	exhibited	high	 IOFF	and	
low	ION/OFF,	which	is	attributed	to	the	further	reduction	of	the	channel	length	(active	region).	It	seems	
that	the	Schottky	contacts	 (valence	band	bending)	dominate	the	resistance	and	control	 the	carrier	
modulation	and	not	the	SiNW	itself	 [22].	A	direct	comparison	between	SiNW	FETs	fabricated	using	
Au	and	Ni	electrodes	 (Figure	3.13,	d)	showed	comparable	results,	emphasising	the	silicidation	as	a	
cost-effective	method	for	the	fabrication	of	high	performance	FET	devices.		
(a)	 (b)	
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Figure	 3.13	 –	 (a)	 Transfer	 characteristic	 plot	 of	 a	 SiNW	 FET	 before	 and	 after	 annealing	 at	 450°C	 for	 3	 minutes.	 (b)	
Temperature	profile	map	used	in	this	work.	(c)	Comparison	of	the	transfer	characteristic	of	the	same	device	annealed	at	
250°C/1	hour	in	the	glove	box	filled	in	N2	air	and	annealed	at	450°C/3	minutes	in	the	CVD	chamber	filled	in	N2	air.	(d)	
Comparison	of	the	transfer	characteristic	performance	of	normalised	SiNW	FETs	fabricated	using	Au	and	NiSi	electrode	
contacts.	
	
3.8 Nanowire	Deposition	Methods	
3.8.1 Fluidic	Shear-Force	and	Dielectrophoresis	(DEP)	
The	main	 NW	 deposition	 technique	 used	 in	 this	 work	 was	 a	 combination	 of	 drop-casting,	 fluidic	
shear-force	and	DEP.	NWs	were	deposited	using	a	drop-cast	method	on	an	 inclined	surface	 (slope	
technique)	as	shown	in	Figure	3.14	(a).		
The	substrate	was	placed	on	an	inclined	surface	of	approximately	30	degrees	(vs.	horizontal	plane)	
to	 allow	 the	NW	 formulation	droplets	 to	 flow	along	 the	 substrate.	 This	method	avoids	 the	use	of	
pumping	 motors	 and	 micro-fluidic	 channels.	 The	 inclined	 position	 of	 the	 substrate	 provided	 a	
gravity-assisted	 slow	 flow	 of	 NW	 formulations,	 perpendicular	 to	 the	 pre-patterned	 DEP	 electrode	
gap,	assisting	the	NW	lateral	alignment	(Figure	3.14,	b).	This	technique	also	allowed	the	combination	
of	 fluidic	 shear	 forces	with	DEP	self-alignment,	 in	order	 to	position	NWs	across	 the	electrode	gap,	
and	remove	weakly-interacting	NWs	and	impurities	from	the	electrode	region.	A	≈10-20	μL	drop	of	
the	NW	 ‘ink’	was	deposited	using	a	 syringe,	with	 the	micro-electrodes	being	perpendicular	 to	 the	
(a)	 (b)	
(c)	 (d)	
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NW	flow.	SiNWs	were	aligned	over	 the	micro-electrodes	under	 the	 influence	of	a	pre-set	peak-to-
peak	 voltage	and	AC	 frequency,	 supplied	by	a	 function	generator	 (AIM-TTI	 TG550-5	MHz,	AIM-TTI	
TG120-20	MHz).	 The	 signal	 parameters	were	 systematically	 varied	 to	 adjust	 the	 dielectrophoretic	
force	acting	on	the	NWs	and	to	study	the	effects	of	voltage	and	frequency	changes,	as	described	in	
more	detail	in	Chapter	5.	Following	the	DEP	NW	assembly	process,	the	excess	solution	at	the	bottom	
of	the	substrate	and	around	the	DEP	structure	was	absorbed	by	a	tissue	(no	direct	contact	with	the	
aligned	NWs).	Then,	the	remaining	dispersion	was	removed,	without	affecting	the	aligned	NWs,	and	
the	 substrate	 was	 gently	 rinsed	 with	 IPA	 or	 methanol	 to	 remove	 the	 weakly	 attracted	 NWs	 and	
impurities.	Afterwards	the	substrate	was	dried-off	under	a	N2	flow	and	prepared	for	characterisation	
or	further	device	processing.	The	force	during	the	rinsing	process	 is	strong	enough	to	remove	only	
weakly	 aligned	 NWs	 and	 impurities.	 It	 is	 speculated	 that	 the	 strongly	 attracted	 NWs	 are	 welded	
across	 the	electrodes,	 since	any	 loss	of	 aligned	NWs	during	 the	device	processing	has	never	been	
observed.	Also,	any	solvent	removal	(or	evaporation)	cannot	re-orient	or	remove	the	NWs	from	their	
initial-trapped	 positions	 (across	 the	 microelectrode	 gap).	 All	 the	 steps	 related	 to	 solvent	
removal/evaporation	 or	 rinsing	 of	 the	 substrates	 were	 conducted	 with	 great	 care,	 so	 as	 not	 to	
disturb	 the	 NWs	 trapped	 in	 the	 device	 channel.	 A	 second	 photolithographic	 lift-off	 step	was	 also	
performed,	as	discussed	 in	 section	3.5.1,	 as	 it	 improves	 the	NW-metal	 contact	area	and	enhances	
current	injection	[23].	
	
Figure	3.14	–	(a)	Graphical	illustration	of	the	slope	technique	used	in	this	work	for	the	NW	deposition	via	DEP	[23].	(b)	
POM	image	(Leica	DM2500)	of	SFLS-grown	SiNWs	aligned	via	DEP	across	two	parallel	electrode	bars	(Ni)	at	500	kHz,	20	
Vpp	on	a	thin	(TFT)	glass	substrate.	
	
3.8.2 Roll-Cast	Coating	
An	 alternative	 fabrication	 method	 of	 FET	 devices	 used	 in	 this	 work	 was	 the	 roll-cast	 coating	
technique.	 The	 substrate	 was	 placed	 on	 an	 inclined	 surface	 of	 approximately	 30	 degrees	 (vs.	
horizontal	plane)	in	order	to	provide	a	sufficient	angle	for	the	flow	of	the	NW	formulation.	The	NW	
(a)	 (b)	
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formulation	was	drop-casted	on	 the	 inclined	 substrate,	 and	 a	 glass	 roller	 coated	with	Cytop®	was	
placed	 at	 the	 top	 of	 the	 substrate	 and	 then	 allowed	 to	 roll	 down	 under	 the	 influence	 of	 the	
gravitational	force	(Figure	3.15,	a).	The	roller	was	making	contact	with	the	substrate,	spreading	the	
NW	formulation	and	removing	the	 leftover	NW	clusters,	stacked	NWs	and	 large	 impurity	particles.	
The	NWs	were	aligned	to	the	rolling	direction,	due	to	the	shear	force	induced	by	the	roller	(Figure	
3.15,	 b).	 After	 each	 roll-casting,	 the	 substrate	 was	 gently	 dried-off	 with	 a	 N2	 blow-gun.	 The	 NW	
density	on	the	substrate	increased	by	repeating	the	process.	Thus,	roll-casting	was	repeated	several	
times	until	the	desired	NW	density	was	achieved.	Following	the	NW	deposition,	the	substrates	were	
prepared	for	photolithography	(top	contact	electrodes)	(Figure	3.15,	c)	[24].		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	3.15	-	(a)	Graphical	illustration	of	the	roll-cast	method	used	in	this	work	for	the	NW	deposition.	(b)	POM	image	
(Leica	DM2500)	of	SFLS-grown	SiNWs	aligned	via	roll-casting	on	a	Si/SiO2	substrate.	(c)	MPS	SiNW	FET	device	fabricated	
using	the	roll-casting	alignment	technique.	
	
3.9 Silicon	Nanowire	FET	Sensors:	Gas	Receptors	Preparation	and	Deposition	
In	 this	project	 two	different	gas	 receptors	were	used:	 the	 	calix[4]arenes	 (calix[4]arene-25,	26,	27,	
28-tetrol,	Sigma-Aldrich,	CAS	Number:	74568-07-3)	and	resorcarenes	(synthesised	at	the	Chemistry	
Department,	University	of	Surrey,	Surrey,	UK).	The	receptors	were	received	in	the	form	of	a	powder	
and	diluted	into	organic	solvents.	Calix[4]arenes	were	diluted	in	toluene	(6	mg	in	3	mL	of	toluene,	in	
(a)	
(c)	(b)	
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a	ratio	of	2:1)	and	resorcarenes	were	diluted	in	chloroform	(6mg	in	6	mL	of	chloroform,	in	a	ratio	of	
1:1)	in	an	ultrasonic	bath	(high	power,	10-20	seconds).	The	choice	of	the	solvents	had	no	significance	
in	the	device	fabrication	or	FET	sensor	response.	The	deposition	of	the	gas	receptors	was	performed	
via	spin-coating	(1500	rpm	for	10	seconds).	The	spinning	speed	was	chosen	in	an	attempt	to	form	a	
monolayer	 of	 gas	 receptors	 on	 the	 surface	 of	 the	 NW.	 Various	 speeds	 were	 also	 performed	 and	
tested	via	spectrophotometry	(Carry	5000)	and	high-resolution	AFM	(conducted	by	Grigorios	P.	Rigas	
at	 NPL,	 Teddington,	 UK),	 in	 order	 to	 prove	 the	 existence	 of	 gas	 receptors	 at	 high	 coating	 speeds	
(section	4.6.2	and	4.6.3).	After	spin-coating	the	sample,	the	substrate	was	baked	at	the	boiling	point	
of	the	solvent	used	for	the	dilution	process,	in	order	to	evaporate	any	residues	left	from	the	solvent	
during	 the	 deposition	 of	 the	 gas	 receptors	 (≈110°C	 for	 toluene	 and	 ≈62°C	 for	 chloroform).	 It	 is	
anticipated	that	the	gas	receptors	are	bonded	on	the	surface	of	the	SiNW	(on	top	of	the	native	oxide	
-	SiOx)	through	weak	hydrogen	bonding	interactions.		
	
3.10 Multi-Elemental	Sensing	Platform	
A	multi-elemental	sensing	platform	prototype	based	on	bottom-gated	FET	structures	was	designed	
and	 fabricated	 on	 flexible	 substrates	 (Kapton).	 The	 sensing	 platform	 contained	 4	 groups	 of	 12	
bottom-gated	FET	structures	for	‘mapping’	each	gas	of	the	BTEX	family,	as	shown	in	Figure	3.16.	The	
device	fabrication	was	developed	in	line	with	plastic	and	printed	electronic	approaches.	
	
	
	
	
	
	
	
	
	
	
Figure	 3.16	 –	 A	 prototype	 of	 a	 flexible	 multi-elemental	 sensor	 platform	 that	 will	 provide	 a	 chemical	 ’mapping’	 of	
different	chemical	gases,	offering	a	printable,	portable	and	cost-effective	sensor	device	suitable	for	future	production.	
	
For	the	gate	electrodes,	a	thin	layer	of	50	nm	thick	Cu	was	sputtered	on	top	of	the	Kapton	substrate,	
using	 JLS	 MPS	 500	 Loadloacked	 Sputter	 Coating.	 Then,	 the	 gate	 electrodes	 were	 patterned	 by	
printing	 a	 UV	 cross-linkable	 polymer	 dielectric	 (Toray)	 on	 top	 of	 the	 Cu-coated	 Kapton	 substrate,	
using	an	ink-jet	printer	(FUJIFILM,	Dimatix	Materials	Printed	DMP-2800	series).	Chemical	etching	was	
Chapter	3	 Silicon	Nanowire	Field-Effect	Transistor	Fabrication	
99	
	
used	for	defining	the	gate	electrode	structures	on	the	substrate.	After	the	chemical	etching	process,	
the	 polymer	 dielectric	 (coated	 on	 top	 of	 the	 Cu	 electrodes)	was	 activated	 by	UV	 exposure	 in	 the	
region	of	300	nm	for	320	seconds,	under	open	air	and	at	room	temperature.	The	Ag	s/d	electrodes	
were	 evaporated	 (Kurt	 J.	 Lesker	 evaporator)	 using	 a	 shadow	 mask.	 The	 thickness	 of	 the	 s/d	
electrodes	was	50	nm.	Grigorios	P.	Rigas	performed	the	fabrication	of	the	printed	gate	electrodes.	In	
total,	three	multi-elemental	sensor	platforms	were	fabricated.		
	
3.11 Concluding	Remark	and	Outlook	
This	chapter	demonstrated	the	methods	used	for	the	bottom-up	fabrication	of	SiNW	FET	devices	for	
sensor	applications.	The	photolithographic	process	was	mainly	used	 in	 this	work	 for	both	top-	and	
bottom-gated	 FETs,	 however	 ink-jet	 printing	 was	 also	 demonstrated	 as	 a	 potential	 replacement	
technique	for	the	fabrication	of	high-performance	SiNW	FETs.	The	importance	of	the	s/d	metal	was	
extensively	examined	by	fabricating	FET	devices	using	various	metals,	including	Au,	Ni,	Pd	and	Ag.	Au	
exhibited	the	best	FET	performance	due	to	its	close	match	to	the	valence	band	edge	of	the	Si,	which	
enables	near-Ohmic	contact	for	p-type	transport.	As	a	follow-up	study,	the	method	of	NiSi	was	also	
investigated	 as	 a	 potential	 replacement	 of	 Au	 metal.	 Both	 the	 advantages	 and	 disadvantages	 of	
using	 NiSi	 were	 addressed.	 The	 alignment	 and	 deposition	 of	 SiNWs	 along	 the	 s/d	 contacts	 was	
demonstrated	 via	 DEP	 and	 roll-casting	 alignment	 techniques.	 Finally,	 a	 brief	 introduction	 to	 the	
functionalisation	of	SiNW	FET	towards	BTEX	sensors	was	introduced,	but	is	discussed	in	detail	in	the	
final	chapter	of	this	thesis	(Chapter	7).	
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4	
Materials	Characterisation	Techniques	
	
4.1 Introduction	
This	chapter	introduces	the	material	characterisation	and	the	measurement	techniques	used	for	the	
evaluation	 of	 their	 physical	 and	 electrical	 properties.	 The	 length	 distribution	 of	 the	 SiNWs	 was	
evaluated	via	polarised	optical	microscopy	(POM).	Atomic	Force	Microscopy	(AFM)	and	Transmission	
Electron	Microscopy	 (TEM)	were	 used	 for	 the	 study	 of	 the	 diameter	 of	 the	 SiNWs.	 The	 electrical	
conductivity	 of	 the	 SiNWs	 was	 studied	 via	 conductive-AFM	 (c-AFM).	 Transmission	 Electron	
Microscopy	 (TEM)	was	 also	 used	 for	 the	 study	 of	 crystal	 orientation	 of	 the	 SFLS-	 and	 CVD-grown	
SiNWs.	The	formation	of	NiSi	was	investigated	via	Energy	Dispersive	X-ray	Spectroscopy	(EDX),	and	
the	 chemical	 surface	 formation	 of	 the	 SFLS-grown	 SiNWs	 was	 studied	 via	 X-ray	 Photoelectron	
Spectroscopy	 (XPS).	 Finally,	 the	 characterisation	 of	 the	 chemical	 receptors	 was	 conducted	 by	 1H-
NMR	spectroscopy	(proton-Nuclear	Magnetic	Resonance),	AFM	and	using	UV	absorption	spectra.	
	
4.2 Description	of	Materials	
4.2.1 SLFS-grown	Silicon	Nanowires	
The	undoped	(intrinsic)	SFLS-grown	SiNWs	used	in	this	work	were	synthesised	by	the	SFLS	method,	
using	MPS	and	Au	seed	nanoparticles	mixed	 in	toluene	as	the	precursor	solution,	and	then	heated	
and	 pressurised	 to	 supercritical	 conditions	 for	 the	 reaction	 [1,	 2].	 A	 more	 detailed	 description	 is	
included	in	section	2.3.2.	The	NWs	were	received	either	as	a	powder	or	suspended	in	toluene.	They	
were	 grown	 by	 Emily	 Adkins	 from	 Korgel’s	 Research	Group,	 University	 of	 Texas	 at	 Austin,	 Austin,	
USA.	
	 	
4.2.2 CVD-grown	Silicon	Nanowires	
The	VLS	growth	of	the	undoped	(intrinsic)	SiNWs	was	catalysed	using	commercially	available	60	nm	
Au	 nanoparticles,	 randomly	 dispersed	 on	 poly-L-lysine-functionalized	 Si	 <111>	 substrates.	 Growth	
was	performed	at	900°C	and	80	kPa,	using	30	sccm	(standard	cm3/min)	of	SiCl4	and	200	sccm	of	H2	
diluted	with	N2	to	a	total	 flow	rate	of	1000	sccm	[3].	The	NWs	were	received	on	small	pieces	of	Si	
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wafer.	 They	 were	 grown	 by	 Sergiy	 Krylyuk	 from	 the	 Material	 Science	 and	 Engineering	 Division,	
National	Institute	of	Standards	and	Technology	(NIST),	Gaithersburg,	Maryland,	USA.		
	
4.2.3 Gas	Receptors:	Calix[4]arene-Derivatives	
The	 unsubstituted	 calix[4]arenes	 (calix[4]arene-24,26,27,28-tetrol)	 were	 obtained	 from	 Sigma-
Aldrich	(CAS	number:	74568-07-3).	Resorcarenes	were	synthesised	by	Prof.	Angela	Danil	de	Namor’s	
group	 from	 the	 Chemistry	 Department,	 University	 of	 Surrey,	 Surrey,	 UK.	 Both	 receptors	 were	
received	in	powder	form.	
	
4.3 Characterisation	of	SFLS-grown	Silicon	Nanowires	
4.3.1 Morphological	Characterisation	
A	 very	 essential	 step	 in	 this	 study	 was	 the	 identification	 of	 the	 morphological	 properties	 of	 the	
SiNWs,	 which	 can	 severely	 affect	 their	 electrical	 performance.	 As	 discussed	 in	 section	 2.3.3,	 the	
SFLS-grown	SiNWs	used	in	this	work	exhibited	various	lengths	and	diameters,	and	were	non-straight	
(i.e.	kinked).	Figure	4.1	(a,	b)	shows	SEM	images	of	a	network	of	SiNWs	with	a	noticeable	amount	of	
non-straight	 NWs,	 impurities,	 NW	 aggregates,	 and	 defective	 kinked	 NWs	 being	 present.	 A	 NW’s	
kinked	nature	 is	 considered	 to	originate	 from	 the	 interaction	between	 its	 tendency	 to	grow	along	
preferred	crystallographic	axis,	and	its	defects	perpendicular	to	its	growth	direction	[4,	5].	
	
	
	
Figure	4.1	–	 (a)	SEM	 image	of	as-synthesised	Au	seeded	SFLS-grown	SiNWs.	Non-straight	 (kinked)	NWs,	and	a	 certain	
amount	of	impurities	are	clearly	visible	(image	taken	by	Emily	Adkins	at	the	University	of	Texas	at	Austin,	Texas,	USA).	
(b)	 SEM	 image	 of	 the	DEP	 aligned	 SiNWs	 across	 10	 μm	Au	 s/d	 electrodes.	 The	 red-dotted	 lines	 highlight	 the	 aligned	
SiNWs.	The	SEM	reveals	the	non-straight	nature	of	the	SFLS	SiNWs.	Scale	bar:	5	μm	[6].		
	
b	
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The	identification	of	the	length	of	the	SiNWs	was	verified	via	POM	(Leica	DM2500).	In	this	study,	the	
length	distribution	of	1000	as-synthesised	SiNWs	was	evaluated	by	drop-casting	SiNW	formulations	
on	 Si/SiO2	 substrates.	 As	 shown	 in	 Figure	 4.2,	 the	 SiNW	 lengths	 range	 from	 1	 μm	 to	 130	 μm,	
highlighting	 their	poly-dispersive	nature.	A	 typical	 POM	 image	of	drop-casted	SiNW	 formulation	 is	
shown	in	Figure	A1,	Appendix	A.	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.2	–	Length	distribution	of	1000	as-synthesised	(drop-casted)	SFLS-grown	SiNWs,	where	y-axis	gives	the	counts	of	
NWs	with	particular	lengths.		
	
Figure	4.3	–	Schematic	diagram	of	a	contact-mode	AFM	operation	[7].	
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The	 SiNW	 distribution	 of	 the	 as-synthesised	 NWs	was	 studied	 via	AFM.	 AFM	measures	 the	 force	
between	 the	 surface	 of	 the	 sample	 and	 its	 very	 fine	 tip,	 either	 by	 recording	 the	 bending	 of	 a	
cantilever	 on	which	 the	 tip	 is	mounted	 (contact	mode)	 or	 by	measuring	 the	 change	 in	 resonance	
frequency	 due	 to	 the	 force	 (tapping	 mode).	 A	 low	 power	 probe	 laser	 beam	 is	 focused	 on	 the	
cantilever’s	surface	and	reflected	off	the	top	of	its	surface	into	a	photodetector.	The	photodetector	
measures	 the	 position	 of	 the	 reflected	 beam	 and	 gives	 information	 about	 the	 position	 of	 the	
cantilever	 and	hence	 the	 tip.	 The	piezoelectric	 actuator	 attached	 to	 the	 tip	maintains	 the	 tip	 at	 a	
constant	force	(constant	height	above	the	surface	of	the	sample).	The	displacement	of	the	cantilever	
via	 its	interaction	with	the	surface	of	the	sample	produces	an	output	signal	(photodiode	difference	
signal),	which	is	proportional	to	the	magnitude	of	the	tip’s	deflection.	The	tip	has	an	extremely	sharp	
end	 (30-50	nm),	which	makes	AFM	 ideal	 for	obtaining	 the	morphology	of	nanostructures	 [7,	8].	A	
schematic	diagram	of	a	contact-mode	AFM	operation	is	shown	in	Figure	4.3.	
An	 MFP-3D	 (Asylum	 Research)	 Atomic	 Force	 Microscope	 (AFM)	 was	 used	 for	 the	 AFM	
characterisation.	 All	 measurements	 were	 conducted	 in	 contact	 mode,	 under	 ambient	 conditions,	
using	a	platinum	silicide	(PtSi-FM)	cantilever	(NanosensorsTM).	The	scanning	speed	was	set	at	0.3	Hz	
and	the	set	point	at	0.2	V	to	avoid	damaging	the	nanostructures.	Gwyddion	v2.39	SPM	data	analysis	
software	was	used	for	the	interpretation	of	the	results.	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.4	–	A	summary	of	AFM	profile	scans	of	60	NWs	in	the	FET	channels.	The	graph	shows	the	number	of	counts	
observed	for	a	range	of	SiNW	diameters.		
 
Figure	4.4	shows	a	histogram	of	the	SiNW	diameters	measured	via	AFM	(conducted	by	Grigorios	P.	
Rigas	at	NPL,	Teddington,	UK).	The	SFLS-grown	SiNW	diameters	 in	 the	FET	channel	were	 relatively	
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small	 and	 the	majority	 (60%)	of	 the	 collected	NW	diameters	were	 in	 the	 range	of	20	 to	39	nm.	A	
typical	cross-sectional	AFM	scan	of	an	FET	NW	channel	is	shown	in	Figure	A2,	Appendix	A.	
	
4.3.2 Electrical	Conductivity	Characterisation	
The	 electrical	 conductivity	 of	 the	 SiNWs	 was	 investigated	 via	 c-AFM.	 A	 c-AFM	 simultaneously	
measures	the	topography	of	the	nanostructure	and	the	electrical	current	over	the	sample’s	surface.	
The	c-AFM	operates	 in	a	similar	way	to	AFM,	however,	 it	uses	a	conductive	cantilever.	A	graphical	
illustration	of	a	c-AFM	is	shown	in	Figure	4.5.	In	order	to	obtain	the	electrical	signal,	a	voltage	source	
is	applied	between	the	sample	and	the	tip.	In	this	work,	during	the	c-AFM	measurement,	one	of	the	
electrode	contacts	was	connected	to	a	voltage	source	(biased)	while	the	cantilever	was	connected	to	
the	 ground.	While	 the	 conductive	 cantilever	 scans	 the	 surface	 of	 the	 sample	 in	 contact	mode	 for	
obtaining	the	topographic	map,	the	electrical	current	flows	through	the	tip	generating	the	electrical	
map	simultaneously.	Experimental	data	based	on	c-AFM	is	presented	in	section	5.3.5.	
	
	
	
	
	
	
	
	
	
	
Figure	 4.5	 -	 A	 graphical	 illustration	 of	 the	 c-AFM	measurement.	 The	 samples	were	 biased	 at	 the	Au	 electrode	of	 the	
structure	with	the	AFM	tip	(PtSi)	being	in	contact	with	the	SiNW	(see	inner	image)	acting	as	the	ground	electrode	[6].	
	
In	this	work,	for	the	c-AFM	characterisation,	an	MFP-3D	(Asylum	Research)	AFM	was	used	combined	
with	 an	 OrcaTM	 cantilever	 holder.	 All	 measurements	 were	 conducted	 under	 ambient	 conditions,	
using	 a	 platinum	 silicide	 (PtSi-FM)	 cantilever	 (NanosensorsTM).	 Both	 the	 trace	 and	 retrace	 signals	
were	used	for	extracting	the	average	currents.	Gwyddion	v2.39	SPM	data	analysis	software	was	used	
for	the	interpretation	of	the	results.		
The	 samples	 were	 biased	 at	 the	 drain	 electrode	 of	 the	 structure,	 with	 the	 conductive	 platinum-
silicide	(PtSi)	AFM	tip	being	in	contact	with	the	SiNWs	to	act	as	a	ground	electrode	(Figure	4.5).	This	
two-terminal	current	measurement	allows	the	probing	of	the	NW	conductivity	directly	as	a	function	
of	position.	The	material	for	the	tip	(PtSi)	was	chosen	in	order	to	reduce	the	contact	resistance	with	
Chapter	4																																													 	 	 Materials	Characterisation	Techniques		
107	
	
the	underlying	semiconducting	nanostructures	without	increasing	the	cantilever	deflection,	and	thus	
allowing	soft	contact	with	the	sample.	By	keeping	the	bias	constant	at	0.5	V,	and	with	constant	force	
applied	to	the	AFM	tip,	the	current	maps	for	NWs	samples	were	obtained	by	scanning	the	samples	in	
contact	mode	 in	 the	 direction	 perpendicular	 to	 the	 NWs.	 Both	 conductive-AFM	 current	 data	 and	
AFM	 topological	 data	 were	 collected	 at	 the	 same	 time,	 allowing	 the	 differentiation	 of	 the	 NWs	
deposited	in	the	channel,	but	were	not	electrically	connected	to	the	contacts,	from	NWs	that	were	
fully	 electrically	 connected.	 The	 measurements	 were	 performed	 by	 Grigorios	 P.	 Rigas	 at	 NPL,	
Teddington,	UK.	The	electrical	 I-V	characterisation	that	was	also	conducted	is	discussed	in	detail	 in	
Chapter	5.	
	
4.3.3 Crystallographic	Orientation	and	Structural	Defects	Characterisation		
The	crystallographic	structure	of	the	SFLS-grown	SiNWs	was	characterised	via	TEM,	conducted	by	Dr.	
Vlad	 Stolojan	 (ATI)	 using	 the	 facilities	 of	 the	 Department	 of	 Mechanical	 Engineering	 Sciences,	
University	of	Surrey,	Surrey,	UK.	TEM	is	the	ultimate	tool	for	investigating	the	nanostructure	of	1-D	
nanomaterials,	 using	 electrons	 accelerated	 at	 high	 energies	 (up	 to	 300	 keV)	 in	 a	 good	 vacuum	
(typically	>10-5	mbar),	to	image	-	in	transmission	-	very	thin	samples	(of	the	order	of	≈100	nm)	at	a	
resolution	of	≈1	Å.	The	generated	image	is	the	resulting	pattern	of	electron	transmission,	absorption	
and	 interference	 due	 to	 the	 interaction	with	 the	 sample	 [8,	 9]. In	 this	work,	 the	 crystal	 structure	
characterisation	of	the	NWs	was	performed	using	high-resolution	transmission	electron	microscopy	
(HRTEM)	(HITACHI	HD-2300A	STEM).	The	growth	direction	was	assigned	based	on	the	diffractograms	
of	 the	HRTEM	 images	of	 single	crystal	 core	NWs.	Samples	 for	TEM	were	prepared	by	drop-casting	
NW	formulations	on	carbon	grids	(Agar	Scientific).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.6	 -	HRTEM	 image	 (a)	and	FFT	pattern	 (b)	of	a	drop-casted	SiNW	dispersion	 in	DMF,	on	TEM	carbon	grid.	The	
reflection	at	 55	degrees	 is	 6.211	nm-1	 -	 equals	 3.2	 (±	 0.1)	Å.	NW	growth	direction	 is	 <111>.	 (Image	 taken	by	Dr.	Vlad	
Stolojan	at	the	University	of	Surrey,	Surrey,	UK).	
	
(a)	(b)	
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The	preferential	SiNW	growth	direction	was	identified	from	HRTEM	images	(Figure	4.6,	a)	and	from	
computed	Fast	Fourier	Transform	(FFT)	patterns,	obtained	from	the	lattice	fringes	to	be	along	<111>	
direction	(Figure	4.6,	b),	this	is	consistent	with	previous	reports	for	SFLS	SiNWs	grown	using	toluene	
[2].		
	
	
Figure	 4.7	 -	HRTEM	 images:	 (a)	 twin-defects	 across	 the	 SiNW	 indicated	by	 the	micro-faceting	 appearance;	 SiNW	core	
diameter	is	32	nm;	(b)	longitudinal	stacking	faults	appear	to	continually	follow	the	SiNW	length	(image	taken	by	Dr.	Vlad	
Stolojan	at	the	University	of	Surrey,	Surrey,	UK).	
	
In	 order	 to	 evaluate	 the	 degree	 of	 crystalline	 imperfections,	 the	 SFLS	 SiNWs	 were	 analysed	 by	
HRTEM	to	identify	the	presence	of	lattice	defects.	Interestingly,	a	significant	amount	of	twin-defects	
(a	type	of	grain	boundary)	was	observed	in	the	NWs	(Figure	4.7,	a),	also	seen	in	NWs	synthesised	by	
trisilane	as	a	reactant	for	SFLS	growth	of	SiNWs	[10,	11].	Twin-defects	are	considered	to	be	formed	
in	parallel	to	the	crystal	growth	axis	of	the	NW	and	are	indicated	by	the	micro-faceting	appearance	
[12].	 Effectively,	 they	 change	 the	 crystallographic	 orientation	 of	 the	 NW,	 for	 example	 creating	
crystal-bonding	disorders	[13].	Also,	 longitudinal	periodic	stacking	faults	along	the	NW’s	length	can	
be	seen	in	Figure	4.7	(b).	
	
4.3.4 Surface	Chemistry	Characterisation	
The	 chemical	 composition	 of	 the	 surface	 of	 the	 SFLS-grown	 SiNWs	 was	 characterised	 via	 XPS,	
conducted	by	Dr.	Steven	Hinder	at	the	Department	of	Mechanical	Engineering	Sciences,	University	of	
Surrey,	Surrey,	UK.		
The	method	of	XPS	relies	on	the	ejection	of	electrons	from	a	core	level	(up	to	5	nm	depth	from	the	
surface)	 by	 an	 X-ray	 photon	 of	 energy	 (hv).	 Using	 an	 electron	 spectrometer,	 the	 energy	 of	 the	
(a)	 (b)	
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emitted	 photoelectron	 is	 analysed	 and	 a	 graph	 is	 presented	 with	 the	 intensity	 (expressed	 as	
counts/s)	vs.	electron	energy	(eV).	The	spectrometer	measures	the	kinetic	energy	(EK)	of	the	emitted	
electron,	 however	 its	 energy	depends	on	 the	photon	 energy	of	 the	X-rays.	 Effectively	 the	binding	
energy	 of	 the	 electron	 (EB)	 which	 identifies	 the	 elemental	 composition	 of	 the	 surface	 can	 be	
estimated	using	the	following	equation	[14]:	
	
Equation	4.1:	 	 	 	 E! = hv − E! −W	 	 (eV)	
	
where,	hv	is	the	photon	energy,	EK	 is	the	kinetic	energy	of	the	electron	and	W	is	the	spectrometer	
work	 function.	 All	 these	 quantities	 are	 measured	 by	 the	 XPS	 equipment,	 therefore	 the	 binding	
energy	(chemical	composition	of	the	matter)	can	be	calculated.		
In	 this	work,	 for	 the	XPS	measurements,	Si/SiO2	substrates	were	cut	 into	pieces	and	cleaned	using	
solvents	and	the	O2	plasma	ash	method,	as	described	previously	in	section	3.2.	50	nm	thick	Pd	was	
sputtered	 (JLS	MPS	 500	 Loadlocked	 Sputter	 Coating)	 on	 top	 of	 the	 SiO2	 to	 remove	 the	 substrate	
background	 signal.	 SiNW	 samples	 were	 prepared	 by	 drop-casting	 SiNWs	 in	 anisole	 and	 DMF	
dispersions	onto	the	substrates.	‘Dry’	NW	samples	were	prepared	by	transferring	NW	powder	with	a	
spatula	straight	onto	the	substrates.	XPS	analysis	was	repeated	three	times	on	different	samples	of	
SiNWs,	to	confirm	the	reproducibility	of	results.		
The	 XPS	 analysis	 was	 performed	 using	 ThermoFisher	 Scientific	 (East	 Grinstead,	 UK)	 Theta	 Probe	
spectrometer.	 XPS	 spectra	were	 acquired	 using	 a	monochromated	 Al	 Kα	 X-ray	 source	 (hv=1486.6	
eV).	An	X-ray	spot	of	≈400	μm	radius	was	employed.	Survey	spectra	were	acquired	using	pass	energy	
of	300	eV.	High-resolution,	core	level	spectra	were	acquired	using	a	pass	energy	of	50	eV,	except	for	
the	 high-resolution	 core	 level	 spectra	 of	 Na1s	where	 a	 pass	 energy	 of	 100	 eV	was	 employed.	 All	
spectra	were	charge	referenced	against	the	C1s	peak	at	285	eV	to	correct	for	charging	effects	during	
acquisition.	The	manufacturer’s	software	(Avantage)	was	used	to	calculate	the	atomic	percentages	
for	the	surface	chemical	composition.	This	software	incorporates	the	appropriate	sensitivity	factors	
and	corrects	for	the	electron	energy	analyser	transmission	function.	Peak	fitting	Si2p	chemical	shifts	
from	the	core	Si	peak	were	employed,	where	(Si1/2,	Δ0.6)	(Si1+,	Δ0.85)	(Si2+,	Δ1.7)	(Si3+,	Δ2.7)	(Si4+,	
Δ3.8),	or	in	terms	of	binding	energy	were	99.6	eV,	99.9	eV,	100.7	eV	101.4	eV	102.5	eV	and	103.9	eV.	
The	 resolution	 of	 the	 data	 and	 the	 fit	 is	 ±0.2	 eV.	 All	 of	 the	 peaks	 were	 fitted	 using	 Gaussian-
Lorentzian	 (30:70)	 line-shape,	 and	 the	 background	was	 subtracted	 using	 the	 Shirley	method.	 XPS	
Peak	4.1	was	the	software	used	for	the	fitting.		
The	SiNWs	have	a	single	crystal	Si	core	and	an	amorphous	polyphenylsilane	shell	mainly	composed	
of	carbon	(C1s)	(44%),	oxygen	(O1s)	(39%)	and	stoichiometric	silicon	(Si2p)	(15%),	as	verified	by	our	
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XPS	analysis	(Figure	4.8,	Table	4.1),	also	consistent	with	previous	reports	[2].	As	seen	in	Figures	4.6	
(a)	and	4.7	 (a)	 the	 thickness	of	 the	polyphenylsilane	 shell	 varies	 from	≈3	 to	12	nm.	More	detailed	
experimental	data	for	the	surface	chemistry	of	the	SFLS-grown	SiNWs	is	discussed	in	Chapter	6.			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.8	-	XPS	Survey	spectrum	of	SFLS-grown	SiNWs	on	a	Pd	coated	Si/SiO2	substrate,	showing	all	elements	present	
(C1s,	 Ca2p,	 N1s,	 O1s,	 Pd3d,	 Si2p)	 at	 the	 surface	 of	 the	 SiNWs	 (graph	 acquired	 by	 Dr.	 Steven	 Hinder,	 Department	 of	
Mechanical	Engineering	Sciences,	University	of	Surrey,	Surrey,	UK).		
	
	
Table	4.1	-	XPS	concentration	contents	of	the	SFLS-grown	SiNWs.	
	
	
	
	
	
	
	
	
	
	
	
	
	
Name	 Start	BE	 Peak	BE	 Height	CPS	 Area	(N)	 At.	%	
C1s	 289.8	 285.0	 281.6	 214.6	 43.7	
Ca2p	 355	 348.7	 346.2	 3.2	 0.6	
N1s	 405.4	 404.1	 397.2	 7.9	 1.6	
O1s	 537.9	 532.9	 529.1	 192	 39	
Pd3d	 346.4	 339.4	 336.8	 0.7	 0.1	
Si2p	 107.5	 103.3	 96.6	 71.9	 15	
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4.4 Characterisation	of	CVD-grown	Silicon	Nanowires	
4.4.1 Morphological	Characterisation	
The	morphological	 characterisation	of	 the	CVD-grown	 SiNWs	was	 conducted	 in	 collaboration	with	
NIST,	Gaithersburg,	Maryland,	USA	and	NPL,	Teddington,	UK.		
The	length	of	the	as-grown	and	dispersed	SiNWs	was	analysed	using	SEM	(in	collaboration	with	NIST)	
by	drop-casting	SiNW	formulations	on	Si/SiO2	substrates.	The	SiNWs	exhibited	an	average	of	22	μm	
length,	as	shown	in	Figure	4.9	(a,	b).	AFM	analysis	was	used	for	the	evaluation	of	the	NW	diameter	
with	an	NT-MDT	Solver	NEXT	AFM	kit,	which	uses	an	NSG01	probe	with	a	10	nm	tip	radius.	For	the	
preparation	 of	 the	 sample,	 the	NWs	were	 aligned	 across	 the	 FET	 electrodes	 using	 the	method	 of	
DEP.	The	NW	diameter	was	estimated	to	be	≈75	nm.	All	measurements	were	conducted	in	ambient	
conditions	 with	 a	 7.8	 nm	 pixel	 size	 for	 both	 axes.	 Gwyddion	 v2.39	 SPM	 software	 was	 used	 for	
analysing	the	results.	The	radius	was	also	measured	via	TEM,	which	exhibited	the	same	radius	values	
(Figure	4.10).	
	
Figure	4.9	 -	 (a)	SEM	image	(30° 	 tilt)	of	CVD-grown	SiNW	grown	by	Sergiy	Krylyuk	(NIST)	 (image	taken	by	the	Material	
Science	 and	 Engineering	Division,	NIST,	 Gaithersburg,	Maryland,	USA).	 (c)	 Height	map	 of	 a	 SiNWs	 aligned	 at	 20	MHz	
(conducted	by	Grigorios	P.	Rigas	at	NPL,	Teddington,	UK).	
	
4.4.2 Characterisation	of	Crystallographic	Orientation	
The	crystallographic	structure	of	the	CVD-grown	SiNWs	was	characterised	via	TEM,	conducted	by	Dr.	
Vlad	Stolojan	using	the	facilities	of	the	Department	of	Mechanical	Engineering	Sciences,	University	of	
Surrey,	 Surrey,	 UK	 and	 Dr.	Michael	 B.	 Katz	 at	 the	 Theiss	 Research	 Lab,	 California,	 USA.	 The	 TEM	
studies	confirmed	<111>	growth	direction	of	NWs,	as	shown	in	Figure	4.10.		
	
	
(a)	
	
(b)	
	
10	μm	
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Figure	4.10	–	(a)	Low-	and	(b)	high-resolution	TEM	images	of	a	typical	CVD-grown	SiNW	with	≈70	nm	Si	core	and	≈2-3	nm	
thick	 shell	of	native	oxide	 (image	 (a)	was	 taken	by	Dr.	Vlad	Stolojan	 (ATI)	at	 the	University	of	Surrey,	Surrey,	UK	and	
image	 (b)	 was	 taken	 by	 Dr.	 Michael	 B.	 Katz	 at	 the	 Theiss	 Research	 Lab,	 California,	 USA).	 Inset	 in	 (b)	 shows	 the	
corresponding	selected	area	electron	diffraction	pattern.	
	
4.5 Characterisation	of	Nickel	Silicides	
4.5.1 Electrical	Characterisation	
The	 formation	 of	 NiSi	 was	 performed	 in	 nitrogen	 (N2)	 in	 a	 CVD	 chamber,	 as	 discussed	 in	 section	
3.7.1.	The	progression	of	NiSi	was	further	investigated	by	c-AFM	(MFP-3D)	high-resolution	analysis,	
as	shown	in	Figure	4.11	(conducted	by	Grigorios	P.	Rigas	at	NPL,	Teddington,	UK).		
The	principle	of	operation	of	c-AFM	was	explained	in	section	4.3.2.	The	current	map	was	obtained	by	
scanning	 the	 samples	 in	 contact	 mode,	 in	 the	 direction	 perpendicular	 to	 the	 NWs.	 The	 current	
profile	 of	 the	 NiSi	 is	 an	 order	 of	 magnitude	 higher	 than	 pure	 Si	 area,	 demonstrating	 that	 the	
formation	 of	 NiSi	 at	 the	 ends	 of	 the	 SiNW	 is	 directly	 correlated	with	 the	 conductivity	 of	 the	 NW	
surface.	Also,	the	impact	of	nickel	silicidation	was	studied	by	comparing	devices	annealed	on	a	hot	
(a)	
	
(b)	
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plate	 (250°C/1	 hour)	 and	 in	 a	 CVD	 chamber	 (450°C/3	 minutes).	 The	 c-AFM	 images	 justify	 the	
incapability	of	the	hot	plate	at	250°C/1	hour	to	form	NiSi	(see	Figure	B2,	Appendix	B).	
	
Figure	 4.11	 -	 High-resolution	 current-map	 c-AFM	 (MFP-3D)	 image	 of	 a	 single	 SiNW	 showing	 the	 progression	 of	 NiSi	
(conducted	by	Grigorios	P.	Rigas	at	NPL,	Teddington,	UK).	
	
4.5.2 Elemental	Composition	Characterisation	
	
	
	
	
	
	
	
	
	
Figure	4.12	–	(a)	SEM	image	showing	the	formation	of	NiSi	NW	segments.	The	interface	of	the	SiNW	was	analysed	using	
EDX	 spectra,	 (b)	 and	 (c)	 correspond	 to	 points	 (1)	 and	 (3).	 The	 energy	 corresponds	 to	 Ni	 peak.	 (conducted	 by	 Bobur	
Mirkhaydarov	 (ATI)	 using	 the	 facilities	 of	 the	 Department	 of	 Mechanical	 Engineering	 Sciences,	 University	 of	 Surrey,	
Surrey,	UK).		
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The	 NiSi	 solid-state	 reaction	 was	 further	 investigated	 via	 SEM	 in	 combination	 with	 EDX	 at	 5	 kV	
acceleration	 voltage	 (an	 additional	 SEM	 image	 is	 shown	 in	 Figure	 3.12,	 b).	 EDX	 utilises	 the	 X-ray	
spectrum	(inner	shell	electrons	of	the	atom),	which	is	emitted	by	the	sample	when	bombarded	with	
high-energy	 electrons	 during	 the	 SEM	electron-imaging	production.	 The	X-ray	 spectrum	originates	
from	the	transition	of	the	electrons	between	the	atomic	electron	shells	(K,	L	and	M),	with	each	shell	
and	sub-shell	having	a	specific	energy.	During	the	transition	of	the	electrons,	a	vacancy	is	transferred	
between	 the	 shells/sub-shells.	 As	 a	 result	 of	 the	 transition,	 an	 electron	 fills	 the	 vacancy	 of	 the	
lowest-energy	state	from	a	higher-energy	shell/sub-shell	and	energy	is	released	in	the	form	of	X-ray	
photon,	which	is	equal	to	the	energy	difference	between	the	levels	of	the	shells/sub-shells.	Thus,	the	
EDX	analysis	provides	the	energy	peaks	of	the	energy-level	shells	(K,	L	and	M)	at	specific	points	from	
different	 elements.	 Finally,	 the	 EDX	 detector	 (a	 crystal	 absorbing	 the	 X-ray	 energy	 emissions)	
separates	 the	 X-ray	 spectrum	 of	 the	 element	 and	 relates	 the	 energy	 spectrum	 to	 the	 element	
composition	of	the	specimen.			
The	EDX	spectra	were	taken	at	5	points:	on	the	Ni	electrode	pad,	SiO2	surface	and	3	random	points	
along	the	Si	NW	(Figure	4.12,	a).	The	EDX	spectrum	in	point	(1)	(Figure	4.12,	b)	clearly	contained	Ni,	
due	to	the	diffusion	of	Ni	along	the	NW	from	the	electrode	pad,	as	opposed	to	point	(3)	(Figure	4.12,	
c).	The	electrical	 characterisation	was	also	expressed	 in	 I-V	measurements,	as	discussed	 in	 section	
3.7.1.	 The	 analysis	 was	 performed	 by	 Bobur	 Mirkhaydarov	 (ATI)	 using	 the	 facilities	 of	 the	
Department	of	Mechanical	Engineering	Sciences,	University	of	Surrey,	Surrey,	UK.	
	
4.6 Characterisation	of	Gas	Receptors	
4.6.1 Chemical	Structure	Characterisation	
1H-NMR	 spectroscopy	 (proton-Nuclear	Magnetic	 Resonance)	 was	 used	 for	 the	 chemical	 structure	
characterisation	of	calix[4]arenes.	The	NMR	spectroscopy	operates	by	applying	a	magnetic	 field	 to	
the	nuclei	and	then	measuring	the	amount	of	energy	necessary	to	put	various	nuclei	 in	resonance.	
The	NMR	spectra	provide	a	peak	signal,	which	represents	the	energy	necessary	to	bring	each	of	the	
nuclei	into	resonance.		The	peak	signal	corresponds	to	the	chemical	environment	of	the	nuclei.		
The	position	at	which	a	signal	occurs	in	an	NMR	spectrum	is	called	the	chemical	shift.	The	chemical	
shift	 in	 a	 proton-NMR	 spectrum	determines	 how	 far	 the	 signal	 produced	 from	 the	 proton	 (of	 the	
sample)	 deviates	 from	 the	 reference	 compound	 (Tetramethylisilane,	 abr.	 TMS),	 which	 is	 used	 to	
define	the	zero	position.	It	 is	well	known	that	the	atomic	nucleus	can	exist	in	two	spin	states,	+1/2	
and	 -1/2	 (spin-up	or	 spin-down),	with	different	energy	 levels.	 These	 spins	 can	be	 interpreted	as	 a	
moving	charge	(electric	current)	that	generates	a	magnetic	field,	like	the	field	of	a	small	bar	magnet.	
In	 the	 absence	 of	 an	 external	 magnetic	 field,	 the	 magnetic	 field	 is	 randomly	 oriented	 along	 the	
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nucleus.	 However,	 by	 applying	 an	 external	magnetic	 field,	 the	 nuclei	 align	 themselves	with	 (spins	
have	 lower	 energy	 state)	 or	 against	 (spins	 have	 higher	 energy	 state)	 the	 external	magnetic	 field.	
Protons	that	align	with	the	field	are	in	the	lower-energy	a-spin	state;	protons	that	align	against	the	
field	are	 in	the	higher-energy	β-spin	state.	Thus,	the	energy	difference	(ΔE)	between	the	two	spins	
depends	 on	 the	 externally	 applied	 magnetic	 field.	 In	 the	 NMR,	 the	 sample	 is	 exerted	 to	 a	 high	
magnetic	field		(to	promote	the	nuclei	to	the	α-spin	state)	and	radio	frequency	(called	rf	radiation)	
causing	 transition	 in	 the	 spin	 states;	 nuclei	 in	 the	α-spin	 state	 are	 promoted	 to	 the	β-spin	 state,	
known	as	‘flipping’.	At	this	stage	the	nuclei	are	in	resonance	condition	(the	proton	flips	between	α-	
and	 β-spin	 states	 in	 response	 to	 the	 rf	 radiation).	 When	 the	 nuclei	 is	 irradiated	 at	 its	 resonant	
frequency	(usually	in	the	MHz	range),	it	can	absorb	enough	energy	to	cause	the	protons	to	‘jump’	to	
a	higher	energy	level,	and	a	short	time	later	the	protons	fall	back	to	their	initial	(lower)	energy	level.	
When	the	nuclei	undergo	relaxation	(return	to	their	original	state),	they	emit	electromagnetic	signals	
whose	frequency	depends	on	the	difference	in	energy	(ΔE)	between	the	a-	and	β-	states.	That	signal	
represents	 the	 NMR	 spectrum.	 The	 difference	 in	 hydrogen	 atoms	within	 the	molecules	 and	 their	
attachment	to	neighbouring	chemical	elements	(i.e.	different	environment)	emits	energy	at	different	
levels,	therefore	a	unique	chemical	shift	relative	to	the	reference	peak	(TMS)	for	each	compound	can	
be	established	[15].	
In	this	experiment,	the	chemical	shift	of	calix[4]arenes	when	interacted	with	BTEX	liquids,	is	mainly	
investigated.	The	chemical	shift	is	measured	in	ppm	and	it	defines	the	chemical	environment	of	the	
proton	under	investigation.	The	chemical	shift	is	given	by	the	following	equation	[15]:	
	
Equation	4.2:	 δ=chemical shift= distance downfield from TMS (Hz)operating frequency of the spectrometer (MHz)	 (ppm)	
	
It	 is	worth	noting	that	because	the	units	are	in	Hz/MHz,	the	chemical	shift	has	units	of	ppm	of	the	
operating	 frequency.	 The	 shift	 is	 usually	 noticed	 within	 0	 to	 12	 ppm.	 The	 chemical	 shift	 can	 be	
observed	 either	 up-field	 (closer	 to	 the	 reference	 peak	 at	 0	 ppm)	 or	 down-field	 (away	 from	 the	
reference	 peak).	 The	 orientation	 of	 the	 shift	 is	 determined	 by	 the	 electronegativity	 of	 the	
neighbouring	 elements	 of	 the	 hydrogen	 (i.e.	 the	 number	 of	 electrons	 surrounding	 the	 hydrogen	
atom).	 If	 there	are	no	electrons	around	 the	nuclei,	 then	 the	nulcei	 is	 ‘deshielded’.	Otherwise,	 it	 is	
‘shielded’	 (diamagnetic	 shielded).	 When	 it	 is	 ‘shielded’	 by	 electrons,	 it	 means	 that	 the	 electrons	
shield	 (oppose	 to)	 the	 effect	 of	 the	 magnetic	 field	 i.e.	 protecting	 the	 nuclei	 from	 the	 applied	
magnetic	field.	Hence,	it	is	likely	that	the	applied	magnetic	field	generated	by	the	NMR	machine	will	
not	change	the	orientation	of	the	nuclei	(promote	it	to	the	α-spin	state)	and	less	amount	of	energy	
(rf	 radiation)	 is	needed	 to	bring	 the	hydrogen	 to	 the	β-spin	state	 (resonance).	 If	 it	 is	 ‘dieshielded’,	
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then	 the	 effect	 of	 the	 magnetic	 field	 will	 flip	 it	 to	 the	 α-state	 and	 a	 higher	 energy	 radiation	 (rf	
radiation)	is	required	to	promote	it	to	the	β-spin	state.	Therefore,	a	‘shielded’	environment	requires	
a	 lower	 amount	 of	 energy	 to	 reach	 resonance	 and	 it	 is	 closer	 to	 the	 reference	 position	 (up-filed	
resonance),	whereas	the	‘deshielded’	hydrogen	takes	a	higher	amount	of	energy	to	reach	resonance	
and	it	is	further	away	from	the	reference	position	(down-field	resonance).	Thus,	down-field	and	up-
field	 shift	 means	 closer	 to	 (low-frequency	 side)	 and	 further	 from	 (higher	 frequency	 side)	
electronegative	 elements,	 respectively	 [15].	 Effectively,	 nuclei	 in	 different	 environments	 (different	
levels	of	‘shielding’)	require	different	amounts	of	energy	to	bring	them	to	resonance.	
1H-NMR	 experiments	 for	 calix[4]arene	 characterisation,	 as	 well	 as	 for	 interaction	 with	 benzene,	
toluene,	 xylene	 and	 ethylbenzene,	 were	 carried	 out	 by	 dissolving	 a	 known	 amount	 of	 the	 ligand	
(≈1.00×10-4	mol.dm-3)	 in	deuterated	 chloroform	 in	 the	NMR	 tubes	at	298	K.	 TMS	was	used	as	 the	
internal	 reference.	 Chemical	 shift	 changes	 (Δδ,	 ppm),	 relative	 to	 those	 for	 the	 free	 ligand	 as	
reference,	were	then	calculated.	The	NMR	experiment	was	performed	by	Nawal	Al	Hakawati	at	the	
Chemistry	 Department,	 University	 of	 Surrey,	 Surrey,	 UK,	 using	 a	 Bruker	 AC-300E	 pulsed	 Fourier	
transform	NMR	spectrometer.	
	
	
	
	
	
	
	
	
Figure	4.13	-	Chemical	structure	of	the	calix[4]arene	used	in	this	work.	
		
Table	4.2	-	Proton	chemical	shifts	(ppm)	of	calix[4]arenes	in	chloroform	at	298	K.	
	
Solvent	 H1	 H2	 H3	 H4	
Chloroform	
(reference)	
10.20	 4.26	 3.54	 6.73	 7.04	
	
Figure	4.13	shows	the	chemical	structure	of	the	NMR	with	the	H	bonds	labelled.	The	chemical	shifts	
of	calix[4]arene	in	chloroform	are	shown	in	Table	4.2.	Chloroform	was	used	as	the	reference	solvent	
to	 characterise	 the	 structure	 of	 the	 calix[4]arenes.	 The	 spectrum	 (Figure	 C1,	 Appendix	 C)	 of	
calix[4]arene	shows	five	signals	corresponding	to	the	phenolic	hydrogen,	 (1),	two	pairs	of	doublets	
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assigned	 to	 the	 protons	 of	 the	 methylene	 bridge,	 (2),	 and	 two	 corresponding	 to	 the	 aromatic	
protons,	(3)	and	(4).	
A	quick	inspection	of	the	1H-NMR	data	of	the	calix	receptor	in	deuterated	chloroform	at	298	K	(Table	
4.2)	 shows	 a	 pair	 of	 doublets	 of	 the	 bridging	 methylene	 protons	 (ArCH2Ar)	 which	 appear	 in	 the	
spectrum	 when	 the	 calix[4]arene	 adopts	 a	 ‘cone’	 conformation.	 The	 higher	 field	 at	 3.54	 ppm	
corresponds	to	the	equatorial	proton,	which	is	closer	to	the	benzene	ring,	and	the	lower	field	at	4.26	
ppm	is	the	axial	proton	(closer	to	the	phenol	oxygens).	The	conformational	changes	of	the	ligand	in	
each	 solvent	 are	 determined	 by	 calculating	 the	 difference	 in	 the	 chemical	 shifts	 of	 the	 axial	 and	
equatorial	 protons,	 (∆δax-eq)	 as	 suggested	by	Gutsche	 [16].	 This	 author	 stated	 that	 the	 (∆δax-eq)	
values	serve	as	a	measure	of	the	flattening	of	the	’cone’.	A	value	of	0.90	ppm	was	assigned	to	a	calix	
receptor	 in	 a	 perfect	 ‘cone’	 conformation	 and	 decreases	 for	 a	 flattened	 conformation.	 A	 value	
greater	than	0.90	ppm	is	an	indication	that	the	aromatic	rings	become	more	parallel	to	each	other	
with	 the	outcome	being	 that	 the	macrocycle	adopts	a	distorted	 ‘cone’	 conformation.	Given	 that	a	
∆δax-eq=4.26-3.54=0.72	ppm	 for	 this	 receptor	 in	 chloroform	was	obtained	means	 that	 the	 receptor	
adopts	 a	 flattened	 cone	 conformation.	 Chloroform	 is	 used	 as	 the	 reference	 solvent	 because	 it	 is	
known	that	this	solvent	does	not	interact	with	the	receptor.	
	
4.6.2 Gas	Receptor	Deposition	Characterisation	
Figure	 4.14	 (a)	 presents	 the	 topographic	 image	 of	 the	 CVD-grown	 SiNW	 surface	 coated	 with	
calix[4]arene	 molecules.	 The	 preparation	 of	 the	 calix[4]arene	 formulation	 and	 deposition	 is	
discussed	in	section	3.9.	Figure	4.14	(b)	shows	the	high-resolution	AFM	scan	of	the	same	device	with	
the	 agglomerated	 calix[4]arene	 molecules	 forming	 islands	 on	 the	 surface	 of	 the	 SiNW.	 It	 is	
hypothesised	that	during	spin-coating,	the	calix[4]arenes/resorcarenes	are	deposited	on	top	of	the	
thin	 native	 oxide	 (SiOx)	 shell	 of	 the	 SiNW	 (Figure	 4.10).	 The	 lower	 (hydrophilic)	 rim	 of	 the	 calix	 is	
bonded	to	the	NW’s	native	shell	through	weak	hydrogen	bonding	interactions.	An	MFP-3D	(Asylum	
Research)	 AFM	 was	 used.	 All	 measurements	 were	 performed	 under	 ambient	 conditions,	 using	 a	
platinum	 silicide	 (PtSi-FM)	 cantilever	 (Nanosensors).	 Gwyddion	 v2.39	 SPM	 data	 analysis	 software	
was	used	 for	 the	 interpretation	of	 the	 results.	The	measurements	were	performed	by	Grigorios	P.	
Rigas	at	NPL,	Teddington,	UK.		
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Figure	 4.14	 –	 (a)	 AFM	 height	map	 and	 (b)	 high-resolution	 scan	 images	 of	 DEP	 aligned	 CVD-grown	 NWs	 coated	 with	
calix[4]arenes	using	the	spin-coating	technique.	The	agglomerated	calix[4]arene	molecules	formed	islands	along	the	CVD	
NW’s	periphery	(conducted	by	Grigorios	P.	Rigas	at	NPL,	Teddington,	UK).		
	
4.6.3 UV-absorption	Characterisation	
The	absorption	spectra	of	calix[4arene	molecules	were	obtained	using	a	Varian	Cary	5000	UV-vis-NIR	
spectrophotometer.	The	preparation	of	the	calix[4]arene	formulation	is	discussed	in	section	3.9.	The	
sample	was	prepared	by	drop	casting	a	thick	layer	of	calix[4]arenes	on	a	TFT	glass.	Figure	4.15	shows	
the	UV	absorption	spectra	of	calix[4]arenes	deposited	on	a	quartz	glass	slide	using	the	spin-coating	
technique	at	various	speeds	(500,	1000,	1500	rpm).	A	broad	range	of	absorption	was	observed	from	
275	nm	to	285	nm.	The	adsorption	peak	for	calix	at	275	nm	is	attributed	to	π-π*	transitions	[17].	This	
technique	 was	 used	 to	 support	 the	 presence	 of	 calix[4]arenes	 after	 spin-coating	 on	 a	 substrate.	
According	 to	 previous	 studies,	 the	 adsorption	 peak	 for	 calix[4]arenes	 and	 calix-derivatives	 is	 from	
275	nm	to	290nm	[17-19],	which	verifies	the	current	study.	Also,	the	adsorption	intensity	increases	
when	calix[4]arenes	are	spin-coated	at	lower	speeds,	due	to	the	increase	of	the	thickness	of	the	calix	
layers	on	the	substrate.		
	
	
	
	
	
	
	
	
(b)	(a)	 Agglomerated	
calix[4]arene	
molecules	
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Figure	4.15	–	UV-vis	absorption	spectra	of	calix[4]arenes	(calix[4]arene-24,26,27,28-tetrol).	
	
4.7 Concluding	Remark	and	Outlook	
This	 chapter	 demonstrated	 the	material	 characterisation	 techniques	used	 in	 this	work.	 Both	 SFLS-	
and	CVD-grown	SiNWs	were	characterised	in	terms	of	their	morphological	properties,	shell	thickness	
and	 crystallographic	 orientation.	 The	 SFLS-grown	 SiNWs	 exhibited	 various	 lengths	 and	 diameters	
ranging	from	1	to	130	μm	and	10	to	69	nm	respectively,	as	opposed	to	the	CVD-grown	SiNWs	which	
exhibited	an	average	of	22	μm	in	length	and	≈75	nm	in	diameter.	The	crystallographic	orientation	of	
both	 SiNWs	 was	 identified	 from	 HRTEM	 images	 and	 confirmed	 to	 be	 along	 the	 <111>	 growth	
direction.	 In	 addition,	 a	 significant	 amount	 of	 defects	 was	 observed	 on	 the	 SFLS-grown	 SiNWs,	
including	twin	defects	and	longitudinal	periodic	stacking	faults,	which	can	affect	the	crystallographic	
orientation	and	the	FET	performance.	Electrical	analysis	via	c-AFM	and	surface	characterisation	via	
XPS	 were	 also	 performed	 for	 the	 SFLS-grown	 SiNWs,	 with	 a	 more	 extensive	 analysis	 found	 in	
Chapters	5	and	6,	 respectively.	Also,	 c-AFM	was	used	 for	 the	analysis	of	 the	 formation	of	 the	NiSi	
into	the	SiNW	using	the	current	profile	map,	followed	by	EDX	for	the	analysis	of	the	diffusion	of	Ni	
along	the	SiNW.	The	chemical	structure	of	 the	gas	receptors	 (calix[4]arenes)	was	characterised	via	
proton-NMR,	with	respect	to	a	reference	solvent	(chloroform).	Also,	the	UV-absorption	spectrum	of	
calix[4]arene	 molecules	 and	 their	 deposition	 on	 the	 SiNW	 surface	 was	 characterised	 via	
spectrophotometry	and	AFM,	respectively.	The	NMR	study	of	calix[4]arenes	with	BTEX	solvents	can	
be	found	in	Chapter	7.		
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5	
Precise	Alignment	and	Controllable	
Self-Assembly	for	Nanowire	Devices	
	
This	chapter	contains	materials	published	at	ACS	Nano	[1]	and	Applied	Physics	Letters	[2].	
5.1 Introduction	
Regardless	 of	 the	 numerous	 deposition	 methods	 used	 for	 the	 alignment	 of	 nanomaterials,	 the	
selective	 deposition	 of	 NWs	 based	 on	 morphological	 and	 electrical	 properties	 still	 remains	
undeveloped,	 and	 NWs	 are	 mainly	 deposited	 as-synthesised,	 affecting	 the	 reliability	 and	
reproducibility	 of	 the	 electronic	 devices.	 Both	 the	 NW	 length	 distribution	 and	 structural	
imperfections	in	the	as-prepared	materials	highlight	a	significant	challenge	in	the	device	fabrication,	
requiring	a	highly	ordered	assembly	of	the	NWs	without	nanomaterial	selection	and	purification.		
The	 assembly	 of	 highly	 integrated	 device	 arrays	 from	 NW	 building	 blocks	 using	 DEP	 was	
demonstrated	by	Charles	Lieber	in	2001,	showing	the	potential	applicability	of	this	technique	in	NW	
electronics	[3].	Since	then,	DEP	has	been	considered	as	one	of	the	fundamental	techniques	for	the	
fabrication	of	NW	electronic	devices.	Recent	advances	in	NW	separation	via	DEP	come	from	Collet	et	
al.	[4],	who	demonstrated	preferential	deposition	of	either	CVD-grown	Si	or	InAsNWs	from	a	mixed	
NW	formulation	by	using	various	DEP	signal	 frequencies.	However,	Collet	and	colleagues	aimed	to	
achieve	 the	 highest	 yield	 of	 NWs	 in	 their	 structures,	 not	 the	 assembly	 of	 NWs	 with	 the	 highest	
conductivity	 and	 lowest	 trap-density.	 This	 chapter	 demonstrates	 a	 scalable,	 one-step	 solution	
process	using	dielectrophoresis	 (DEP),	 for	 the	direct	 selection,	 collection	and	ordered	assembly	of	
SiNWs	with	desired	electrical	properties	from	a	poly-disperse	collection	of	NWs,	obtained	from	the	
SFLS	 growth	 process.	 The	 target	 of	 this	 work	 is	 the	 selective	 deposition	 of	 multiple,	 high-quality	
SiNWs	 (e.g.	 increase	of	 the	 sensing	area)	which	can	dramatically	enhance	 the	 sensing	 response	of	
the	 chem-FETs.	 This	 finding	 can	 be	 extended	 to	 a	 much	 wider	 range	 of	 nanomaterials,	 and	 the	
technology	is	fully	compatible	with	plastic	and	printed	electronic	approaches	that	can	be	scaled-up	
for	industrial	applications.	In	addition,	this	technique	can	provide	a	large	array	assembly	of	SiNWs	at	
low	 cost.	 In	 the	 following	 sections,	 the	 breakthrough	 of	 DEP,	 and	 a	 proposal	 for	 a	 powerful,	
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industrially	available	 tool	 for	 the	rapid	discrimination	of	SiNWs	with	different	electrical	properties,	
are	discussed	in	detail.	
	
5.2 Need	for	a	Direct	Selection	of	SFLS	Silicon	Nanowires	
The	main	advantage	of	the	SFLS	growth	technique	is	the	achievable	throughput	of	a	few	kilograms	of	
NW	 materials	 per	 day	 [5].	 However,	 one	 disadvantage	 of	 the	 aforementioned	 technique	 is	 the	
limited	control	of	NW	morphological	parameters	resulting	in	a	synthesis	of	poly-disperse	NWs	with	
various	lengths	and	diameters,	as	well	as	non-straight	(i.e.	kinked)	NWs	(Figure	5.1)	as	discussed	in	
section	 4.3.1	 [5].	 In	 addition,	 the	 occasional	 NW	 growth	with	 different	 crystallographic	 directions	
and	the	presence	of	crystal	structure	defects	add	another	degree	of	imperfection	to	NWs,	which	can	
all	 affect	 the	 reproducible	 fabrication	 and	 electrical	 performance	 characteristics	 of	 NW	 based	
devices.		
	
	
	
	
	
	
	
	
Figure	5.1	–	SEM	image	of	as-synthesised	Au	seeded	SFLS-grown	SiNWs.	Non-straight	(kinked)	NWs,	and	some	impurities	
are	clearly	visible	(image	taken	by	Emily	Adkins,	University	of	Texas	at	Austin,	Texas,	USA).		
	
Despite	the	significant	progress	in	semiconducting	NW	assembly	demonstrated	with	LB	[6],	BBF	[7],	
flow-directed	 assembly	 [8],	 electrostatic	 interactions	 [9],	 and	 mechanical	 shear	 forces	 [10]	
techniques,	the	selective	deposition	of	NWs	based	on	morphological	or	electrical	properties	remains	
mainly	 unexplored,	 and	 NWs	 are	 typically	 randomly	 deposited	 as-synthesised.	 All	 the	
aforementioned	 techniques	provide	 limited	nano-component	assembly,	and	 the	precise	alignment	
of	multiple	nanomaterials	on	pre-defined	areas	(i.e.	across	the	metal	electrodes)	happens	purely	by	
chance.	Furthermore,	the	precise	deposition	of	NWs	with	respect	to	device	electrodes	remains	very	
challenging,	 and	 additional	 fabrication	 efforts	 are	 required,	 for	 example,	 to	 guide	 NWs	 through	
microfluidic	 channels	 to	 deposit	 across	 the	 device	 electrodes	 [8],	 still	 with	 no	 control	 of	 the	 NW	
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lateral	alignment.	Finding	a	one-step	processing	technique	that	provides	purification,	selection	and	
alignment	 of	 NWs	 will	 open	 prospects	 for	 the	 efficient	 large-scale	 fabrication	 of	 low	 cost,	 high-
performance	solution-processed	NW	electronics.		
Recent	 progress	 in	 DEP	 alignment	 and	 deposition	 of	 NWs	 has	 demonstrated	 both	 large-area	
compatible	processing	and	high	accuracy	isolated	NW	placement,	associated	with	the	strongest	DEP	
force	exerted	on	the	NW	in	the	vicinity	of	electrodes	[4,	11,	12].	Opoku	et	al.	[13]	argued	that	DEP	
deposition	helps	 to	 extract	NWs	with	 lengths	 comparable	 to	 transistor	 channel	 length	 from	poor-
quality	ZnONW	powders,	while	Collet	et	al.	[4]	demonstrated	preferential	deposition	of	either	Si	or	
InAsNWs	 from	 a	 mixed	 NW	 formulation,	 by	 using	 various	 DEP	 signal	 frequencies.	 The	 selection	
capabilities	of	DEP	were	first	demonstrated	on	single-wall	carbon	nanotubes	(SW-CNTs)	by	Krupke	et	
al.	 [14,	15],	who	used	DEP	 to	 separate	metallic	and	semiconducting	SW-CNTs,	 taking	 into	account	
the	difference	of	the	relative	dielectric	constants	of	the	two	species	with	respect	to	the	solvent	at	
various	frequencies.		
	
5.3 Dielectrophoretic	Separation	and	Alignment	of	Silicon	Nanowires	
This	 chapter	 reports	 the	 demonstration	 of	 direct	 selection	 of	 high-quality	 SiNWs	 within	
heterogeneous	 as-grown	 SFLS	NWs	with	 various	 levels	 of	 conductivity	 and	 crystalline	 quality.	NW	
assembly	is	based	on	the	dielectrophoretic	process	coupled	with	impedance	spectroscopy	analysis	of	
real-time	NW	collection	rate	at	various	signal	 frequencies,	and	 is	also	assisted	by	a	NW	dispersion	
flow.	 The	 principle	 of	 operation	 of	 DEP	 is	 discussed	 in	 section	 2.3.5.7.	 Such	 selection	 provides	 a	
dramatic	difference	between	the	low	and	the	high-quality	NWs	collected	using	this	method,	with	an	
increase	 of	 100	 times	 in	 current	 and	 5	 times	 reduction	 in	 the	 charge	 trap	 densities,	 directly	
confirmed	 by	 NW	 FET	 data.	 The	 method	 provides	 a	 one-step	 assembly	 of	 nanomaterials,	
simultaneously	achieving	the	following:	
i. Selection	of	NW	lengths	relative	to	the	channel	gap.	
ii. Accurate	placement	of	NWs	on	pre-defined	electrode	structures.	
iii. Selection	of	NWs	with	superior	electrical	properties	and	lowest	defect	densities.	
iv. Well-defined	alignment	and	orientation	of	NWs	in	respect	to	electrical	contacts.	
v. Control	of	assembled	NW	densities	between	the	device	electrodes.		
The	 proposed	methodology	 is	 generic	 and	 is	 applicable	 to	 any	 other	 type	 of	 NWs/nanomaterials	
with	 high	 length/diameter	 ratios.	 In	 addition,	 the	 technology	 is	 fully	 compatible	 with	 plastic	 and	
printed	electronic	approaches	and	can	be	 scaled-up	 for	 industrial	 applications	 for	a	wide	 range	of	
devices	including	circuits,	energy	generation	and	storage,	sensors,	memory	and	opto-electronics.	
Chapter	5																																		Precise	Alignment	and	Controllable	Self-Assembly	for	Nanowire	Devices			
	 125	
The	 as-synthesised	 SFLS-grown	 SiNWs	 used	 in	 this	work	were	 dispersed	 in	 anisole	 and	 DMF.	 NW	
dispersion	 (see	 section	 3.3)	 and	 dielectrophoretic	 deposition	 (see	 section	 3.8.1)	 are	 explained	
elsewhere.	
The	correlation	between	DEP	signal	frequency	and	deposited	NW	conductivity	was	confirmed	by	FET	
and	c-AFM	data,	which	is	discussed	in	the	following	sections.	The	principle	of	operation	of	c-AFM	is	
discussed	in	section	4.3.2.	
	
5.3.1 DEP	Control	of	Nanowire	Length,	Orientation	and	Alignment	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	5.2	-	DEP	alignment	of	SFLS-grown	SiNWs	across	parallel	electrode-bars	with	10	μm	spacing,	conducted	at	900	kHz	
with	various	voltages:	 (a)	5	Vpp,	 (b)	10	Vpp,	 (c)	15	Vpp	and	(d)	20	Vpp.	By	 increasing	the	applied	voltage	and/or	the	NW	
formulation	concentration,	the	DEP	assembly	process	results	in	a	denser	NW	deposition/alignment.		
DEP	assembly	offers	a	high	degree	of	 flexibility	 for	NW	positioning.	Considering	 rectangular-shape	
electrodes	separated	by	a	gap	(Figure	5.2),	the	DEP	force	is	maximised	when	NWs	are	oriented	along	
the	channel	and	perpendicular	to	the	electrode	edges	[11].	The	majority	of	the	straight	SFLS-grown	
SiNWs	in	this	project’s	test	were	oriented	at	a	900	angle	towards	the	electrode	edges,	whereas	curve	
shaped	NWs	adopted	the	position	close	 to	 the	contact	edge.	The	 typical	 lateral	alignment	of	NWs	
relative	to	the	electrode	was	such	that	both	ends	of	the	NW	rested	on	the	counter-electrodes.		
(a)	 (b)	
(c)	 (d)	
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Figure	5.3	 -	 Length	distribution	of	 the	as-synthesized	 (drop-casted)	SiNWs,	where	y-axis	 gives	 the	percentage	of	NWs	
with	particular	lengths.	The	majority	of	NWs	are	<20	μm	long.	The	percentage	of	the	NWs	with	lengths	between	51	to	
130	μm	was	2%.	 Inset:	 lengths	histogram	of	NWs	collected	by	DEP	across	two	different	electrode	gaps,	10	μm	and	20	
μm,	highlighting	a	much	narrower	distribution	of	lengths	following	the	DEP	collection.			
	
DEP	also	served	as	a	length	selection	tool	by	providing	the	strongest	interactions	for	the	NWs	with	
lengths	at	 least	 the	same	size	of	 the	electrode	gap,	or	slightly	 longer.	This	opens	 the	possibility	of	
sequential	separation	of	NWs	by	length	through	the	use	of	device	structures	with	varying	electrode	
gap	sizes.	The	histogram	distribution	of	the	as-synthesized	SiNWs	shown	in	Figure	5.3	demonstrates	
that	the	majority	of	NWs	are	1	to	20	micron	long,	and	the	fraction	of	long	NWs	(>50	μm)	is	less	than	
2%.	DEP	collection	across	 the	10	μm	gap	showed	that	 the	distribution	of	 lengths	was	dramatically	
reduced,	with	12%	of	NWs	assembled	with	lengths	<10	μm,	and	72%	of	NWs	with	lengths	from	≈11	
μm	to	20	μm,	where	only	16%	of	NWs	were	in	21-40	μm	range	(Figure	5.3,	inset).	The	DEP	collection	
at	20	μm	gap	resulted	in	62%	of	NWs	assembled	with	lengths	from	≈21	to	30	μm,	where	only	28%	of	
NWs	were	31	to	40	μm,	and	10%	longer	than	40	μm	(Figure	5.3,	inset).		
	
5.3.2 DEP	Control	of	Assembled	Nanowire	Densities	
The	NW	density	 in	 the	electrode	gap	 is	a	critical	parameter	 for	device	performance.	 In	diodes	and	
FETs,	the	conduction	state	current	is	directly	related	to	the	number	of	high-quality	semiconducting	
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NWs	 bridging	 the	 gap,	 where	 the	 increase	 in	 NW	 numbers	 should	 lead	 to	 higher	 current	 [16].	
However,	NW	packing	that	is	too	dense,	with	nanoparticle	spacing	being	several	diameters	or	 less,	
can	significantly	reduce	device	performance	(i.e.	in	FETs)	due	to	the	screening	effect	originating	from	
electric	 field	 fringing	 between	 cylindrical	 shape	 nanoparticles,	 as	 shown	 for	 carbon	 nanotube	
materials	[17,	18].	This	effect	can	lead	to	a	significantly	reduced	gate-to-FET	channel	coupling	[19].	
Therefore,	the	control	of	NW	density	is	essential	for	high-performance	NW	devices.	
	
Figure	5.4	-	POM	image	of	DEP	alignment	of	SFLS-grown	SiNWs	across	IDA	finger	electrodes	at	(a)	low	(b)	high	(10	times	
more)	NW	density	concentrations.	NWs	were	aligned	at	900	kHz,	10	Vpp	across	10	μm	electrode	gap.	Scale	bar:	100	μm.		
	
The	 increase	 of	 NW	 deposition	 density	 during	 the	 DEP	 process	 was	 controlled	 by	 changing	 two	
parameters:	 applied	 voltage	 and	 NW	 concentration	 in	 the	 formulation.	 An	 increase	 in	 applied	
voltage	across	 the	electrode	gap	enhances	 the	DEP	force,	 thus	 improving	the	deposition	yield	 [20,	
21].	 Additionally,	 higher	 NW	 formulation	 concentration	 results	 in	 denser	 NW	 packing	 in	 the	 gap	
between	 the	 contacts.	 Figure	 5.2	 (a-d)	 demonstrates	 the	 controllable	 deposition	 of	 SFLS-grown	
SiNWs	 at	 different	 signal	 voltages,	 keeping	 the	 same	 applied	 frequency	 at	 900	 kHz,	 where	 the	
voltage	 was	 increased	 in	 5	 Vpp	 steps,	 giving	 an	 increased	 number	 of	 NWs	 in	 the	 200	 μm	 wide	
electrodes	(10	μm	gap)	of:	≈11	NWs	at	5	Vpp,	≈45	NWs	at	10	Vpp,	≈110	NWs	at	15	Vpp	and	>1000	
NWs	at	20	Vpp.	At	the	highest	applied	voltage	of	20	Vpp,	NWs	tend	to	form	a	multilayer	due	to	high	
packing	density	and	non-straight	morphology	of	some	of	the	NWs.	At	the	 lower	range	of	voltages,	
from	5	 to	 15	 Vpp,	 a	 consistent	 deposition	 of	 a	monolayer	was	 achieved.	 The	 control	 of	 deposited	
NWs	across	 IDA	electrodes	was	also	demonstrated	by	changing	 the	NW	formulation	density	by	an	
order	of	magnitude,	as	shown	in	Figure	5.4	(a,	b).	
	
	
	
(a)	 (b)	
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5.3.3 DEP	Control	of	Nanowire	Conductivity		
DEP	selectivity	based	on	the	NW	electrical	parameters	has	been	a	critical	challenge	for	poly-disperse	
SiNWs.	 A	 method	 is	 discussed	 below,	 for	 isolating	 and	 collecting	 the	 highest	 quality	 SFLS-grown	
SiNWs	based	on	their	conductivity	properties,	selected	by	their	frequency	dependence	with	the	DEP	
force.			
	
5.3.3.1 Collection	Rate	Measurements	
Initially,	the	electrical	response	of	the	NWs	was	systematically	investigated	by	applying	a	DEP	signal	
at	 various	 frequencies	 (up	 to	 5	 MHz).	 The	 slope	 technique	 used	 for	 NW	 deposition	 via	 DEP	 is	
discussed	in	section	3.8.1.	The	collection	of	NWs	across	the	electrodes	was	monitored	in	real	time	by	
observing	 the	 corresponding	 impedance	 change	 associated	 with	 NWs	 being	 placed	 between	 the	
contacts.	 The	 change	 of	 the	 impedance	 was	 examined	 across	 two	 parallel	 metal	 electrodes,	
following	 the	deposition	of	 the	NW	 formulation	 (in	DMF)	 on	 the	 substrate,	where	 the	 suspended	
NWs	were	attracted	to	the	electrode	gap	by	means	of	dielectrophoretic	force	(FDEP),	and	the	number	
of	NWs	in	the	gap	increased	with	time.	
DEP	 collection	 and	 impedance	measurements	were	 performed	using	 nickel	 bar-shaped	 electrodes	
on	thin	(TFT)	glass	substrates	with	a	10	μm	gap	length.	Substrates	were	cleaned	with	O2	plasma	to	
ensure	 the	 removal	 of	 any	 organic	 residue.	 Sinusoidal	 DEP	 signals	 with	 amplitudes	 20	 Vpp,	 and	
frequencies	 ranging	 from	5	 kHz	 to	 5	MHz,	were	 generated	using	 a	 PSM1735	NumetriQ	 frequency	
response	 analyser.	 The	 impedance	 changes	 with	 time	 were	 recorded	 with	 PSM1735	 NumetriQ,	
connected	 to	 a	 personal	 computer	 with	 a	 “CommView”	 Version	 1.15	 software	 package.	 The	
collection	 rate	 measurements	 were	 conducted	 at	 the	 Centre	 for	 Biomedical	 Engineering	 at	 the	
University	of	Surrey,	Surrey,	UK.		
The	 impedance	 data	 recording	 process	 began	 a	 few	 seconds	 prior	 to	 the	 SiNW	 DMF	 suspension	
being	placed	on	the	electrode	gap	and	continued	typically	for	1	minute.	This	process	was	repeated	
several	times	for	all	the	DEP	frequencies	used.		
	
5.3.3.2 Impedance	Spectroscopy	Analysis	
In	 this	work,	 the	 time	 constant	 spectrum	was	 used	 to	 characterise	 the	 DEP	 selection	mechanism	
based	on	the	results	obtained	from	the	 impedance	measurements,	as	discussed	 in	section	5.3.3.1.	
The	time	constant	spectrum	provides	the	right	frequencies	for	assembly	based	on	the	conductivity	
properties	of	the	NW.	Effectively,	the	time	constant	(τ)	of	the	NW	collection	is	an	effective	proxy	for	
the	collection	rate	of	the	NWs	in	the	device	channel	at	a	given	frequency.		
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The	 frequency	 dependent	 time	 constant	 values	 were	 determined	 from	 the	 change	 of	 the	 total	
impedance	 over	 time	 for	 each	 DEP	 frequency.	 Data	 were	 processed	 through	 a	 MATLAB	 custom	
program	(Appendix	D)	and	the	time	constant	values	were	extracted	by	 fitting	the	exponential	plot	
from	 the	 MATLAB	 curve-fitting	 tool	 (cftool).	 The	 time	 constant	 (τ)	 was	 extracted	 according	 to	
Equation	 5.1.	 The	 characteristic	 impedance	 drop	 had	 a	 single	 exponential	 decay,	 as	 shown	 in	
Equation	 5.2.	 Both	 equations	 describe	 the	 impedance	 drop	 after	 the	 placement	 of	 the	 NW	
dispersion	of	the	electrodes.	As	the	DEP	signal	frequency	alters	the	strength	of	a	dipole	that	can	be	
induced	 in	 a	 particle	 in	 the	 presence	 of	 an	 external	 electric	 field	 [12],	 the	 time	 constant	 (τ)	 is	
frequency	dependent	and	reflects	the	conducting	properties	of	the	NWs.		
	
Equation	5.1	 	 	 	 τ= -tln Z t -Z0Zmax 	 	 (s)	
Equation	5.2	 	 	 	 Z t =Zmaxe-tτ+Z0	 (Ω)	
	
where,	Z(t)	 is	 a	 time	dependent	 impedance,	empirically	approximated	by	an	exponential	 function,	
Zmax	 is	the	maximum	impedance	attained	in	DEP	collection,	Z0	 is	a	constant	associated	with	a	finite	
impedance	value	of	 the	DEP	electrode	 structure	with	deposited	undoped	NWs,	 t	 is	 time	 from	 the	
drop	placement,	 τ=τ(f)	 is	 the	 characteristic	 time	 constant	of	particle	 collection,	which	depends	on	
the	DEP	signal	frequency.		
The	change	of	 the	 impedance	was	approximated	by	an	exponential	decay	 in	order	 to	determine	a	
characteristic	time	constant	related	to	the	rate	of	NW	collection	(Equations	5.1	and	5.2).	It	is	noted	
that	 single	 exponential	 dependence	was	 used	 to	 describe	 the	 fast	 impedance	 decay,	 immediately	
following	the	placement	of	the	NW	formulation	on	top	of	the	DEP	electrodes.	This	fast	 impedance	
decay	was	responsible	for	>98%	impedance	drop	compared	to	the	total	 impedance	change	Zmax-Z0.	
An	example	of	a	 typical	 impedance	Z(t)	plot	at	22	kHz	 is	 shown	 in	Figure	5.5.	This	 fast	 impedance	
decay	is	responsible	for	at	least	98%	impedance	drop,	comparing	the	total	impedance	change	Zmax-
Z0.	In	Figure	E1	(Appendix	E),	a	more	rigorous	treatment	was	applied	on	the	impedance	decay	using	
double	 exponential	 function,	 to	 describe	 the	 fast	 and	 slow	 decay	 components.	 Thus,	 a	 single	
exponential	 decay	 was	 the	 main	 phenomenon	 responsible	 for	 the	 largest	 impedance	 drop,	 as	
presented	by	Mureau	et	al.	[22].	
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Figure	5.5	-	Plot	of	impedance	as	a	function	of	time	at	DEP	signal	20	Vpp,	22	kHz,	sinewave.	Impedance	drop	indicates	the	
alignment	of	 the	semiconducting	NWs	across	 the	channel.	 Inset:	a	MATLAB	fit	of	 the	single	exponential	decay	 (giving	
time	 constant	 of	 21	 s	 at	 22	 kHz).	 The	 fast	 impedance	 change	was	 approximated	 as	 a	 single	 exponential	 in	 order	 to	
determine	 a	 characteristic	 time	 constant	 related	 to	 the	 rate	 of	 collection.	 The	 experiment	 was	 conducted	 at	 DEP	
frequencies	in	the	range	of	5	kHz	to	5	MHz.	
	
Mureau	et	al.	[22]	suggested	that	since	the	time	taken	for	the	impedance	drop	during	nanoparticle	
collection	is	inversely	proportional	to	the	DEP	alignment	force,	then	the	inverse	of	the	time	constant	
is	proportional	to	the	magnitude	of	the	force.	 In	this	case,	the	1/τ	plot	vs.	signal	 frequency	should	
give	 us	 the	 frequency	 dependence	of	 the	DEP	 force	 experienced	by	 different	 populations	 of	NWs	
with	various	conductivity	properties.	For	cylindrical	shape	nanomaterials,	the	dielectrophoretic	force	
(FDEP)	acting	along	the	NW’s	long	axis	(length)	can	be	approximated	to	that	of	a	cigar	shape,	given	by	
Equation	5.3	[23]:	
	
Equation	5.3	 	 	 FDEP= 2Lπr23 εmRe Kf ∇E2	 (N)	
Kf		= εp-εmεm 	ε! = ε − j !!! ,		ε! = ε − j !!! 	
	
where,	 r	 is	 NW	 radius,	 L	 is	 NW	 length,	 εm	 is	 the	 permittivity	 of	 the	 fluid	medium	 and	∇E!	is	 the	
gradient	of	the	electric	 field	strength	squared.	Kf	 (the	Clausius-Mossotti	 factor)	 is	approximated	by	!!!!!!! 	for	the	long	axis	(needle)	expressed	as	ε! = ε − j !!! 	for	the	particle	and	ε! = ε − j !!! 	for	the	
medium	where	 εp	 is	 the	 relative	 permittivity	 of	 the	 particle,	 εm	 is	 the	 relative	 permittivity	 of	 the	
Drop	of	the	solution	
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medium,	εo	is	the	vacuum	permittivity,	σp	is	the	conductivity	of	the	particle,	σm	is	the	conductivity	of	
the	medium	and	ω	is	the	angular	frequency	of	the	electric	field.	As	shown	in	Equation	5.3,	the	FDEP	is	
proportional	to	the	NW	length	and	radius.	As	discussed	in	section	5.3.1,	the	DEP	force	is	related	to	
NW	 length	 and	 radius,	 and	 in	 general	 the	DEP	 force	 scales	with	 the	 volume	of	 the	particles.	As	 a	
consequence,	 it	 is	 anticipated	 that	 NWs	with	 similar	 dielectric	 characteristics	 but	 different	 radius	
would	move	to	the	electrodes	at	different	speeds;	however,	provided	sufficient	time	is	given	for	the	
narrower	NWs	to	reach	the	electrodes,	it	would	not	impact	on	the	actual	collection	of	NWs,	hence	
the	result.		
The	time	constants	τ(f)	were	then	extracted	from	the	experimental	impedance	data	Z(t)	obtained	for	
a	 number	 of	 experiments	 conducted	 at	DEP	 frequencies	 in	 the	 range	 of	 5	 kHz	 to	 5	MHz.	 The	 1/τ	
characteristics	vs.	frequency	are	summarised	in	Figure	5.6,	effectively	showing	the	behaviour	of	DEP	
force	vs.	 frequency.	 The	 graph	 can	be	divided	 into	 two	 regions:	 the	 low-frequency	 range,	 for	 low	
values	below	500	kHz,	and	the	high-frequency	range,	for	values	above	500	kHz.	As	represented	by	
the	 time	 constant	 spectrum,	 above	 500	 kHz	 the	 dielectrophoretic	 force	 (FDEP)	 reaches	 a	 plateau,	
compared	 to	 the	 lower	 frequency	 range,	 and	 this	 trend	 is	 expected	 to	 continue	 to	 higher	
frequencies.	 At	 high	 frequencies	 (>500	 kHz)	 the	 DEP	 forces,	 although	 small,	 are	 still	 sufficient	 to	
overcome	the	hydrodynamic	forces	and	to	attract	NWs	to	the	electrodes.	Lower	conductivity	NWs	
do	not	experience	enough	force	to	be	assembled	across	the	electrodes,	so	the	NW	collection	occurs	
only	for	the	higher	conductivity	ones,	thus	providing	a	conductivity	selection	mechanism.	However,	
at	lower	frequencies	the	DEP	forces	values	are	higher,	resulting	in	the	collection	of	NWs	with	various	
conductivities.	
Assuming	 that	 charge	 carrier	 density	 is	 approximately	 the	 same	 for	 all	 SFLS-grown	 SiNWs,	 the	
conductivity	 is	 then	 determined	 by	 the	 crystal	 quality	 of	 the	 NW,	 such	 as	 the	 concentration	 of	
surface	 and	 crystalline	 bulk	 defects	 (Figure	 4.7,	 Chapter	 4).	 Variations	 of	 conductivity	 parameters	
were	expected,	since	the	SFLS	synthesis	produces	NWs	with	various	morphological	(Figure	5.3)	and	
electrical	properties.	Due	to	the	dependence	of	DEP	force	with	conductivity,	it	is	inferred	that	at	the	
low-frequency	range	DEP	collects	various	quality	NWs,	including	poor-quality	semiconducting	SiNWs	
that	may	contain	defects	and	associated	traps,	while	high	frequencies	induce	the	collection	of	only	
the	highest	quality,	low-defect	semiconducting	SiNWs,	with	higher	conductivity.	
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Figure	5.6	-	Reciprocal	of	time	constant	(τ)	as	a	function	of	DEP	signal	frequency.	Experimental	data	are	shown	as	dots,	
and	the	red	line	provides	a	guide	to	the	eye.	Data	for	low-frequency	(<500	kHz)	correspond	to	the	DEP	assembly	of	NWs	
with	various	ranges	of	conductivity,	whereas	at	higher	frequencies	(>500	kHz)	only	higher	conductivity	NWs	are	able	to	
respond	to	the	oscillating	electric	field.				
	
Indeed,	from	Equation	5.3	it	is	shown	that	CMF	is	frequency	dependent.	CMF	(Kf)	indicates	that,	at	
different	frequencies,	the	particle	may	be	more	or	less	polarisable	than	the	medium,	which	in	turn	
determines	whether	the	NWs	move	towards	the	region	of	high	electric	field	(pDEP)	or	towards	zero	
force	[24].	If	it	is	assumed	that	the	geometry	of	the	NW	and	the	gradient	of	the	applied	electric	field	
are	the	same,	the	dielectrophoretic	force	(FDEP)	becomes	frequency	dependent,	with	CMF	being	the	
determining	 factor.	 Hence,	 the	 level	 of	 polarisability	 is	 related	 to	 the	 conductivity	 of	 the	
nanostructure,	 allowing	 the	 selection	of	highly	 conducting	NWs	by	altering	 the	applied	 frequency.	
Figure	 E2	 and	 Table	 E1	 (Appendix	 E)	 shows	 how	 the	 calculated	 DEP	 force	 varies	 for	 different	
conductivity	NWs	when	subjected	to	the	alignment	at	various	DEP	frequencies.	
In	order	 to	experimentally	evaluate	the	degree	of	crystalline	 imperfections,	 the	SFLS-grown	SiNWs	
were	 analysed	 by	 HRTEM	 for	 the	 presence	 of	 lattice	 defects	 (Figure	 4.7,	 Chapter	 4),	 which	 could	
affect	polarisability.	The	conductance	properties	of	the	NWs	are	highly	affected	by	the	geometry,	as	
shown	by	Cook	et	al.	[25].	All	these	defects	mentioned	in	sub-section	4.3.3	ultimately	determine	the	
electrical	properties	(conductance)	of	the	NW.		
Considering	 that	 the	charge	 transport	 in	 small	diameter	NWs	 (<60	nm)	occurs	mainly	 through	 the	
single	 crystal	 core	 [26],	 the	 conductivity	 of	 the	 SFLS	 SiNWs	will	 mainly	 depend	 on	 charge	 carrier	
scattering	from	defects	as	described	by	the	Equation	5.4	[27]:	
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Equation	5.4	 	 	 	 	σ= ne2τcm* 	 (S	m-1)	
	
where,	 n	 is	 the	 carrier	 concentration,	 e	 is	 elementary	 charge,	 τc	 is	 the	 mean	 free	 time	 between	
collisions	 and	 m*	 is	 the	 charge	 carrier	 effective	 mass.	 Following	 Equation	 5.4,	 the	 variation	 of	
conductivity	 between	 the	 NWs	 is	 mainly	 determined	 by	 the	 value	 of	 τc,	 which	 is	 related	 to	 the	
density	 of	 defects	 (the	 quality	 of	 crystal	 lattice)	 in	 the	 NW	 structure,	 provided	 that	 the	 charge	
density	(n)	does	not	change,	for	example,	as	a	result	of	trapping	at	the	interface/surface	defects.	The	
effective,	m*	can	be	considered	as	constant,	since	it	is	not	likely	to	change	significantly	for	the	same	
batch	of	NWs.	 Thus,	 taking	 into	 account	 a	noticeable	number	of	 crystalline	defects	 in	 SFLS-grown	
SiNWs	(Figure	4.7,	Chapter	4)	a	certain	degree	of	variation	of	NW	conductivities	independent	of	NW	
diameter	can	be	expected,	independent	of	NW	diameter.	
	
5.3.4 FET	Analysis	of	Silicon	Nanowires	Collected	at	Different	DEP	Frequencies	
The	 electrical	 properties	 of	 the	NWs	 collected	 at	 different	DEP	 frequencies	were	 compared	 using	
bottom-gated	 FET	 devices.	 The	 SiNW	 FETs	 were	 prepared	 as	 identical	 bottom-gated	 device	
structures	on	Si/SiO2	 substrates,	with	pre-patterned	Au	electrodes	with	10	μm	electrode	gap.	 The	
DEP	NW	alignment	at	different	signal	frequencies	was	conducted	as	described	in	section	3.8.1.	The	
FET	devices	were	completed	by	depositing	top	Au	s/d	electrodes,	 to	 improve	the	metal	contact	to	
the	NW	channel.	A	graphical	representation	of	a	bottom-gated	FET	device	is	shown	in	Figure	5.7.	A	
more	detailed	FET	fabrication	procedure	is	given	in	Chapter	3.	Transistors	were	characterised	using	a	
Keithley	 4200	 SCS	 semiconductor	 analyser	 in	 a	 N2-filled	 glove	 box,	 to	 minimise	 the	 effects	 of	
atmospheric	contamination.	
	
	
	
	
		
						
Figure	5.7	–	Schematic	of	a	bottom-gated	SiNW	FET.	Layer	thickness:	Si	substrate	675	μm,	SiO2	230	nm,	first	Au	contact	
layer	50	nm,	second	Au	contact	layer	on	top	of	NWs	80	nm.	s/d	contact	gap	10	μm.	
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Typical	 FET	 transfer	 characteristics	 with	 NWs	 being	 aligned	 at	 various	 frequencies	 are	 shown	 in	
Figure	 5.8	 (a).	 The	 device	 current	 data	 were	 normalised	 by	 dividing	 the	 total	 FET	 current	 by	 the	
number	 of	 NWs	 in	 the	 channel,	 in	 order	 to	 demonstrate	 the	 qualitative	 change	 of	 collected	 NW	
properties	 as	 per	 NW.	 All	 devices	 showed	 p-type	 accumulation	 behaviour.	 Devices	 with	 NWs	
collected	at	low	DEP	frequencies	(100	kHz)	showed	low	maximum	current	in	the	device	on-state	at	
the	gate	voltage	(VG)	of	-40	V.	FETs	fabricated	with	NWs	collected	at	increasingly	higher	frequencies	
demonstrated	 a	 consistent	 trend	 of	 increased	 device	 current,	 resulting	 in	 up	 to	 100	 times	 higher	
current	 for	 NW	 FETs	 assembled	 at	 2	 MHz	 DEP	 signal.	 This	 trend	 clearly	 indicates	 that	 charge	
transport	characteristics	for	NWs	collected	at	higher	frequencies	(MHz	range)	is	superior	to	that	of	
NWs	 deposited	 at	 low	 signal	 frequencies	 (<500	 kHz).	 Examination	 of	 FET	 behaviour	 close	 to	 the	
threshold,	when	transistors	turn-on	and	current	starts	to	increase	sharply	(Figure	5.8,	a),	shows	the	
slowest	 current	 rise	 for	 low-frequency	 collected	 NWs,	 and	 the	 steepest	 rise	 for	 high-frequency	
assembled	NWs.	This	 sub-threshold	behaviour	 indicates	 the	difference	 in	defect/trap	 states	 in	 the	
NWs	or	at	the	NW/dielectric	interface,	where	higher	density	of	traps	results	in	a	less	steep	current	
increase,	 as	 more	 trap	 states	 need	 to	 be	 filled.	 The	 sub-threshold	 swing	 (s-s)	 (V/decade)	 is	 the	
parameter	that	describes	the	amount	of	gate	voltage	required	to	increase	FET	current	by	an	order	of	
magnitude.	 It	 is	 given	 by	 Equation	 5.5	 [28,	 29]	 and	 Equation	 5.6	 [30],	 and	 is	 related	 to	 the	 trap-
density	(Ntrap)	as	shown	in	by	Equation	5.7	[31,	32]:	
	
Equation	5.5	 	 	 s − s = ln 10 !! !!"!!"#! !!"!!"#!!"! !!!"#!" 	 	 (V/decade)	
Equation	5.6	 	 	 	s − s = !!!! !"# !!	 	 	 	 (V/decade)	
Equation	5.7	 	 	 N!"#$ = !(!!!) !"# !!" − 1 !!"!!!"#$	 (cm-2)	
	
where,	k	 is	 the	Boltzmann’s	constant,	T	 is	absolute	temperature,	q	 is	 the	electronic	charge,	Ebnw	 is	
the	field	at	the	bottom	of	the	SiNW,	r	is	the	NW	radius	(≈15	nm),	Cit	is	the	capacitance	of	interface	
states	at	 the	Si	oxide-shell/Si	 region	of	 the	NW,	Csi	 is	 the	capacitance	of	 the	SiNW,	and	Cbox	 is	 the	
back	oxide	capacitance	(SiO2),	CNW	is	the	total	gate	capacitance,	N	is	the	total	number	of	NWs	across	
the	channel,	L	is	the	channel	length	(10	μm).	
The	 sub-threshold	 slope	 and	 trap-density	 data	 were	 extracted	 from	 the	 FET	 characteristics	 and	
summarised	in	Figure	5.8	(b),	showing	a	trend	of	consistent	decrease	in	s-s	values	and	trap	densities	
for	NWs	collected	at	higher	DEP	signals.	The	lowest	 level	of	defects	(1x1013	cm-2)	 is	found	for	NWs	
collected	at	5	MHz.	
Chapter	5																																		Precise	Alignment	and	Controllable	Self-Assembly	for	Nanowire	Devices			
	 135	
	
Figure	5.8	-	(a)	Normalised	transfer	characteristics	of	FETs	for	SINWs	collected	at	DEP	frequencies:	100	kHz,	220	kHz,	460	
kHz,	 900	 kHz,	 1	MHz,	 2	MHz,	 5	MHz.	 (b)	 Sub-threshold	 swing	 data	 (s-s)	 and	 NW	 trap-density	 (Ntrap)	 extracted	 from	
transfer	FET	plots	presented	in	(a).	At	higher	DEP	collection	frequencies,	the	value	of	the	sub-threshold	swing	(s-s)	and	
the	number	of	traps	(Ntrap)	decreases.	
	
A	statistical	analysis	of	SiNW	FETs	aligned	via	DEP	using	the	frequency	spectrum	used	in	this	work	is	
shown	 in	Figure	5.9.	NWs	were	aligned	at	220	kHz,	460	kHz,	2	MHz	and	5	MHz,	10	Vpp,	 sinewave.	
Figure	 5.9	 (a)	 shows	 the	 transfer	 characteristic	 plot	 of	 the	 SiNW	 FETs	 and	 (b)	 shows	 the	 sub-
threshold	swing	 (s-s)	and	number	of	 traps	 (Ntrap)	vs.	 frequency	 (Hz)	 from	the	devices	shown	 in	 (a).	
The	data	are	consistent	with	the	time	constant	spectrum,	as	discussed	in	section	5.3.3.2.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(a)	
(b)	(a)	
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Figure	5.9	–	Statistical	analysis	of	SiNW	FETs	aligned	via	DEP	at	various	frequencies.	(a)	Transfer	characteristic	plot.	(b)	
Sub-threshold	swing	(s-s)	and	number	of	traps	traps	(Ntrap)	vs.	frequency	(Hz)	from	the	devices	shown	in	(a).	
	
Thus,	 it	 is	 concluded	 that	 high-frequency	 DEP	 allows	 not	 only	 the	 alignment	 of	 NWs	 across	 the	
parallel	 micro-electrodes	 (s/d	 contacts)	 but	 also	 the	 controlled	 selection	 of	 NWs	 with	 superior	
charge	 transport	 characteristics	 and	 lower	 level	 of	 defects	 from	 a	mixture	 of	 different	 quality	 of	
SiNWs,	as	produced	by	the	SFLS	growth	method.	This	conclusion	is	consistent	with	calculations	using	
with	 Equation	 5.3,	 which	 shows	 that	 at	 the	 same	 frequency,	 NWs	 with	 higher	 conductivity	
experience	higher	DEP	force	than	NWs	with	lower	conductivity.			
	
5.3.5 Conductive-AFM	Analysis	of	Silicon	Nanowires	Collected	at	Different	DEP	Frequencies	
In	order	to	further	investigate	the	conductivity	of	the	low-	and	high-DEP	frequency	selected	NWs,	c-
AFM	measurements	were	performed.	The	principle	of	operation	and	an	experimental	description	of	
c-AFM	 are	 discussed	 in	 section	 4.3.2.	 The	 following	 electrical	 conductivity	 measurements	 were	
performed	by	Grigorios	P.	Rigas	a	NPL,	Teddington,	UK.	
	
	
	
	
	
(b)	
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Figure	5.10	-	(a)	Height	map	of	a	NW	aligned	at	5	MHz,	and	(b)	the	corresponding	current	map.	Only	one	straight,	fully	
electrically	connected	NW	is	visible	 in	 the	 image.	 (c)	Height	map	of	a	NW	aligned	at	220	kHz	and	 (d)	 its	current	map.	
Scale	 bars	 are	 1	 μm.	 Conducting	 SiNWs	 have	 similar	 diameters:	 33	 nm	 in	 (a)	 and	 34	 nm	 in	 (c).	 All	 the	 images	were	
obtained	in	the	trace	mode	with	a	pixel	size	of	5.9	nm.	NWs	aligned	at	higher	frequency	showed	higher	peak	currents	up	
to	233	pA	(b),	compared	to	the	16	pA	peak	current	found	in	the	lower	frequency	assembled	NWs	(d)	(images	were	taken	
by	Grigorios	P.	Rigas	a	NPL,	Teddington,	UK).					
For	 this	 study,	device	 structures	 similar	 to	 the	FETs	were	prepared	with	SiNWs,	assembled	at	DEP	
frequencies	of	220	kHz	and	5	MHz.	Figure	5.10	(a-d)	demonstrates	typical	images	obtained	for	both	
height	 (AFM	 mode)	 and	 current	 (conductive	 mode)	 measurements	 of	 NWs	 aligned	 at	 different	
frequencies.	A	 common	 trend	was	observed	 that	NWs	collected	at	5	MHz	DEP	 signal	 showed	≈14	
times	higher	current	than	the	ones	collected	at	220	kHz.	Current	levels	up	to	233	pA	were	obtained	
for	the	NWs	aligned	at	5	MHz	(Figure	5.10,	b),	while	peak	current	values	of	16	pA	were	measured	for	
the	ones	aligned	at	220	kHz	(Figure	5.10,	d).	These	current	differences	between	the	NWs	collected	at	
high-	and	low-DEP	signal	frequencies	are	fully	consistent	with	the	transistor	measurements,	proving	
(a)	 (b)	
(c)	 (d)	
Chapter	5																																		Precise	Alignment	and	Controllable	Self-Assembly	for	Nanowire	Devices			
	 138	
that	 selective	nanoparticle	 assembly	 at	 various	dielectrophoretic	 frequencies	 is	 directly	 correlated	
with	the	conductivity	of	the	NWs.	
The	conductivity	value	for	SiNWs	aligned	at	5	MHz	was	also	estimated	using	data	obtained	from	c-
AFM	 studies.	 The	 resistivity	 of	 the	NW,	 corresponding	 to	 Figure	 5.10	 (b)	was	 extracted	 using	 the	
relation	ρ =  !!!!! ,	where	 r	 is	NW	radius,	L	 is	 the	distance	 from	the	biased	contact	 to	 the	AFM	tip	
position	and	R	 is	NW	resistance	calculated	based	on	two-point	measurement	corresponding	to	the	
applied	 voltage	 and	 measured	 current	 value.	 Conductivity	 (σ)	 was	 found	 as	σ =  !! = 0.02 S/cm,	
which	is	lower	than	the	conductivity	value	estimated	from	CMF	calculations	as	shown	in	Appendix	E,	
Figure	E2	(c,	d)	and	can	be	explained	by	a	possibly	high	contact	resistance	that	was	not	taken	into	
account	in	this	two-point	probe	method.												
	
5.3.6 One-Step	Solution	Process	of	High-Quality	Silicon	Nanowire	Field-Effect	Transistor	Devices	
Further	characterisation	of	the	high-quality	collected	NWs	was	conducted	by	analysing	parameters	
of	bottom-gated	FET	devices,	which	were	fabricated	with	the	SFLS-grown	SiNWs	assembled	at	5	MHz	
signal	 frequency.	The	NWs	were	aligned	on	50	nm	thick	 IDA	finger	electrodes	with	10	μm	channel	
length	at	10	Vpp,	sinewave	DEP	voltage.	Devices	were	completed	with	top	Au	electrodes,	followed	by	
a	short	annealing	time	to	improve	the	metal-semiconductor	contact	[33].	The	fabrication	process	is	
described	In	Chapter	3.	In	general,	 increasing	the	NW	density	in	the	channel,	tends	to	increase	the	
total	 transistor	 current.	 This	 trend	 continues	until	NW	density	becomes	 so	high	 that	NWs	 start	 to	
form	a	‘multi	 layer’	 in	the	channel,	thus	increasing	NW-to-NW	screening,	and	limiting	the	total	FET	
current.	 Due	 to	 the	 higher	 quality	 of	 the	NWs,	 the	 number	 of	 the	 aligned	NWs	was	 intentionally	
reduced	to	avoid	gate	field	screening	effects,	which	originate	from	the	electric	field	fringing	between	
the	cylindrical	shape	of	the	closely	packed	NWs,	which	is	detrimental	to	the	maximum	performance	
of	the	FET	device	[34,	35].	
	
	
(a)	 (b)	
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Figure	 5.11	 -	 Typical	 I-V	 characteristics	 of	 bottom-gated	 SFLS-grown	 SiNW	 FET	with	 NWs	 assembled	 at	 5	MHz	 signal	
frequency.	(a)	Transfer	characteristic	showing	current	in	logarithmic	and	linear	scales	at	VD=-0.1	to	-0.5	V,	in	-0.1	V	steps	
for	a	FET	with	20	NWs	in	the	channel.	(b)	Output	characteristic	of	the	same	FET	at	VG=0	to	-40	V	in	-5	V	steps.	(c)	POM	
image	of	the	measured	FET	device	with	I-V	characteristics	shown	in	(a-b).	(d)	Example	of	a	high-current	characteristics	
FET	device	(300	NWs,	DEP	frequency	20	MHz),	showing	current	in	logarithmic	and	linear	scales	at	VD=-5	to	-20	V,	in	-5	V	
steps.	Maximum	current	is	1.6	mA.	
	
Typical	transfer	and	output	characteristics	of	the	SiNW	FET,	which	consists	of	approximately	20	NWs	
(POM	shown	 in	Figure	5.11,	 c),	 are	 shown	 in	Figure	5.11	 (a,	b).	 	 The	 transfer	 scan	 (Figure	5.11,	a)	
exhibits	 good	 gate-to-channel	 coupling	 through	 the	 increase	 in	 ID	 with	 increasing	 VD.	 The	 output	
characteristic	(Figure	5.11,	b)	shows	near-Ohmic	contact	behaviour.	This	performance	was	expected,	
since	the	work-function	of	Au	(5.1	eV)	for	p-type	transport	 is	closely	matched	to	the	valence	band	
edge	of	Si	 (5.17	eV)	 [30].	Several	key	transistor	parameters	were	extracted	from	the	 linear	regime	
transfer	characteristic,	 including	the	on/off	current	ratio	(ION/OFF),	the	sub-threshold	swing	(s-s),	the	
threshold	voltage	(VTh),	the	transconductance	(gm)	and	the	device	mobility	(μ).	The	device	threshold	
voltage	(VTh)	was	found	to	be	≈-9	V	by	fitting	a	straight	line	from	the	linear	transfer	plot	and	finding	
the	x-axis	intercept	[30].	The	device	exhibited	high	on-current	(≈5.8	μA	at	VG=-40	V,	VD=-0.5	V)	and	
low	off-current,	with	a	106-107	on/off	current	ratio.	The	sub-threshold	swing	(s-s)	was	calculated	to	
be	≈1.5	V/decade	(using	Equation	5.5),	and	the	density	of	traps	estimated	to	be	1	x	1013	cm-2	using	
Equation	5.6	[31,	32].		
The	 device	 mobility	 (μ)	 was	 calculated	 from	 the	 linear	 regime	 transfer	 characteristic	 using	 the	
cylinder-on-plate	 model	 [13,	 36,	 37],	 which	 takes	 into	 account	 the	 finite	 number	 of	 NWs	 in	 the	
channel	and	the	electrostatic	 fringing	effect	of	 the	gate	 field	acting	on	the	aligned	NWs,	using	the	
Equations	5.8	and	5.9:		
	
Equation	5.8	 	 	 C!" = N !!!!!!!!"#$!! !!"!!!!" 		 (F)	
Equation	5.9	 	 	 µ = !!!!" !!!" g!		 	 (cm2	V-1	s-1)	
(c)	 (d)	
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where,	CNW	is	the	total	gate	capacitance,	N	is	the	total	number	of	NWs	across	the	channel,	εo	is	the	
absolute	permittivity,	εi	is	the	SiO2	dielectric	constant	≈3.9),	L	is	the	channel	length	(10	μm),	r	is	the	
NW	radius	(≈15	nm)	and	d	is	the	thickness	of	the	gate	dielectric	(≈230	nm).		CNW	was	calculated	to	be	≈0.012	pF,	 and	 the	 transconductance	 (gm= !!!!!!)	was	 found	 to	be	≈0.292	μS	 at	VD=-0.5	V.	 Based	on	
these	 parameters,	 the	 device	mobility	 (μ)	was	 calculated	 to	 be	≈47	 (±	 7)	 cm2	V-1	 s-1,	which	 is	 the	
highest	value	for	FETs	based	on	SFLS-grown	SiNWs	reported	to	date.	It	is	noted	that	variation	of	NW	
diameters	in	the	FET	channel	was	relatively	small,	and	as	observed	by	AFM,	the	majority	(60%)	of	the	
collected	NW	diameters	were	 in	 the	 range	of	20	 to	39	nm	(Figure	4.4,	Chapter	4).	A	 typical	cross-
sectional	AFM	scan	of	an	FET	NW	channel	 is	shown	in	Appendix	A,	Figure	A2.	As	some	variation	of	
NW	diameters	was	observed	on	all	DEP	assembled	devices,	the	average	diameter	(30	nm)	was	used	
for	 the	mobility	calculations.	Small	variation	of	 the	NW	diameters	 (30	nm	±	10	nm)	can	affect	 the	
device	mobility	by	only	±	10%.			
	
	
	
	
	
	
	
	
	
Figure	 5.12	 -	 Statistical	 analysis	 of	 SiNW	 FET	 devices	 aligned	 using	 DEP,	 at	 20	 MHz,	 10	 Vpp,	 sinewave.	 (a)	 Transfer	
characteristic	of	 the	SiNW	FETs	used	 for	 the	extraction	of	 sub-threshold	swing	 (s-s).	 (b)	Sub-threshold	swing	 (s-s)	and	
number	of	traps	(Ntrap)	vs.	frequency	(Hz)	from	the	devices	shown	on	(a).	(c)	Device	mobility	calculated	using	Equations	
5.8	and	5.9	of	the	devices	shown	on	(a).	
(a)	 (b)	
(c)	
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Finally,	 as	 a	 proof	 of	 concept,	 NWs	 were	 aligned	 via	 DEP	 at	 the	 higher	 frequency	 of	 20	 MHz.		
Reproducible	 NW	 collection	 has	 been	 verified,	 and	 NW	 FET	 devices	 demonstrated	 excellent	
performance	with	low	sub-threshold	swing	(s-s)	of	1.26	V/dec	and	trap-density	(Ntrap)	of	8.42	x	1012	
cm-2,	as	shown	in	Figure	5.12	(a,	b).		FET	charge	carrier	mobility	values	calculated	using	Equations	5.8	
and	5.9	ranged	from	37	cm2	V-1	s-1	to	50	cm2	V-1	s-1	(Figure	5.12,	c).	Additionally,	it	was	demonstrated	
that	 such	 devices	 can	 exhibit	 excellent	 current	 performance	with	 on-currents	 up	 to	 1.6	mA	when	
measured	 at	 higher	 bias	 voltages	 (see	 transfer	 characteristics	 Figure	 5.11,	 d).	 The	 DEP-processed	
SiNW	FETs	fabricated	in	this	work	also	showed	the	highest	mobility	values	reported	on	SFLS-grown	
SiNWs,	currently	being	50	times	higher	than	the	mobilities	reported	for	the	a-Si	TFT	backplanes	used	
for	driving	active	matrix	organic	light-emitting	diode	displays	(AMOLEDs)	[38,	39].	In	total,	10	devices	
exhibited	high	on-current	(ION)	of	more	than	1	mA	(with	several	others	in	the	sub-mA	range)	with	the	
best	 device	 exhibiting	 3	mA	 (at	 -20	 VSD),	 underlining	 the	 potential	 of	 DEP	 to	 provide	 consistently	
high-current	 FETs	 up	 to	 several	mA.	 The	 statistical	 analysis	 of	 the	mA	 FETs	 is	 illustrated	 in	 Figure	
5.13.	Note	that	80%	of	the	devices	reached	the	mA	range	(≥1	mA)	at	s/d	voltages	less	than	-12VSD.		
	
	
	
	
	
	
	
	
	
	
	
	
Figure	5.13	–	Statistical	analysis	of	MPS	SiNW	FETs	that	exhibited	high	on-currents	in	the	mA	range.	
	
The	electrical	 conductivity	of	 the	aligned	SiNWs	at	20	MHz	was	also	evaluated	by	calculating	both	
CMF	and	FDEP	values	(Figure	E2,	a,	b,	Appendix	E)	using	Equation	5.3	and	values	εp=11.9,	σp=18	S/m	
(for	SiNWs),	εm=36.7,	σm=2.5	x	10-4	S/m	(for	DMF)	in	MATLAB.	Based	on	Figure	E2	(a,	b),	at	20	MHz	
the	lowest	NW	conductivity	value	that	can	result	in	a	positive	DEP	force	for	NW	alignment	was	found	
to	be	18	S/m	(or	0.18	S/cm),	corresponding	to	a	dielectrophoretic	force	(FDEP)	of	7.7	x	10-29	N.	
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5.4 Rapid	Evaluation	of	Nanowire	Electrical	Properties	
5.4.1 Introduction	
In	 the	previous	 sections,	a	 controllable	 selection	of	high-quality	NWs	was	demonstrated	using	 the	
assembly	method	of	DEP.	However,	a	convenient,	rapid	method	for	the	electrical	characterisation	of	
NWs	was	still	remained	unexplored.	In	this	study,	this	challenge	is	solved	with	an	industrially	scaled-
up	method	for	the	rapid	monitoring	of	the	electrical	properties	of	 inorganic	single-crystalline	CVD-
grown	 SiNWs.	 The	 analysis	 was	 conducted	 prior	 to	 the	 DEP	 deposition	 of	 the	 NWs	 on	 the	metal	
electrodes,	and	the	selected	DEP	frequencies	were	linked	with	the	quality	of	the	collected	NWs	and	
the	overall	performance	of	the	device.	The	3DEP	analysis	was	confirmed	with	FET	data,	exhibiting	a	
dramatic	 difference	 in	 performance	 between	 low-	 and	 high-quality	 NWs,	with	 an	 increase	 of	 100	
times	in	the	current	and	mobility	and	50%	reduction	in	sub-threshold	swing	(s-s).	The	3DEP	process	
lasts	for	only	a	few	minutes,	it	 is	practical,	easy-to-use	and	can	be	applied	to	any	type	of	NWs/NTs	
because	the	increased	polarisation	(due	to	their	shape)	overcomes	the	fact	that	the	volume	is	low.	
	
5.4.2 The	3DEP:	Working	Principle	
The	 DEP	 characterisation	 was	 conducted	 using	 a	 low-cost,	 commercial	 platform	 that	 utilises	 a	
disposable,	three-dimensional	(3D)	well	electrode	chip	(3DEP	by	DEPtech,	Uckfield,	UK)	coupled	with	
a	prototype	3DEP	system	reader	(Labtech,	Uckfield,	UK),	as	shown	in	Figure	5.14	(a,	b).	The	system	
was	engineered	principally	 for	 the	 rapid	and	near-real-time	analysis	of	 the	electrical	 properties	of	
cells,	taking	typically	10	seconds	to	analyse	a	population	of	ca.	20,000	cells.	The	Au-plated	Cu	3DEP	
electrode	 chip	 contained	 20	 wells	 of	 1	 mm	 diameter,	 each	 comprising	 of	 eight	 Au-plated	 Cu	
electrodes	(70	μm	thick)	in	a	ring	configuration,	separated	by	polyimide	layers	with	thickness	of	150	
μm.	For	each	experiment,	approximately	75	μL	of	SiNWs	dispersed	in	anisole	were	injected	into	the	
3D	well	electrode	chip.		
	
	
	
	
	
	
	
	
Figure	5.14	–	(a)	The	3DEP	system	reader	(Labtech,	Uckfield,	UK)	and	(b)	the	three-dimensional	(3D)	well	electrode	chip	
(3DEP	by	DEPtech,	Uckfield,	UK)	used	in	this	work	[40].	
(a)	 (b)	
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Figure	5.15	-	A	cross-section	schematic	of	the	3D	well	electrode	chip	used	 in	this	work.	Wells,	 that	are	filled	with	NW	
dispersion,	are	1	mm	in	diameter	and	encircled	by	70	μm	thick	electrodes	separated	by	150	μm	gap.	The	nanoparticles	
can	either	be	attracted	towards	the	electrodes	(the	walls	of	the	well)	by	applying	a	pDEP	or	repelled	from	the	electrodes	
by	applying	a	nDEP.	The	movement	of	the	nanomaterials	 is	tracked	by	 image	analysis	and	detected	by	measuring	 the	
light	intensity	of	the	beam	passing	through	the	well	for	a	period	of	60	seconds.	
	
The	 principle	 of	 operation	 of	 the	 3DEP	 is	 based	 on	 the	 attraction	 of	 nanoparticles	 towards	 the	
imbedded	electrodes	during	positive	DEP,	resulting	 in	a	reduction	of	 light	scattering,	and	repulsion	
from	 the	 electrodes	 during	 nDEP,	 leading	 to	 an	 increased	 light	 scattering	 when	 an	 alternating	
electric	signal	is	applied	to	the	electrodes	(Figure	5.15).	The	relative	strength	of	the	dielectrophoretic	
force	can	be	evaluated	by	measuring	the	changes	of	the	transmitted	light	intensity	through	the	well,	
for	each	applied	DEP	signal	frequency	(Figure	F1,	Appendix	F).	During	the	experiment,	each	of	the	20	
wells	 received	a	different	 frequency,	energising	 signal	 in	 the	 range	of	1	 kHz	–	20	MHz,	 at	peak-to	
peak	 signal	 (Vpp)	 of	 10	 V.	 The	 applied	 frequency	 remained	 constant	 for	 each	 well	 during	 the	
experiment.	Wells	were	excited	with	AC	signal	for	60	seconds,	during	which	NWs	were	expected	to	
experience	 pDEP,	 and	 to	move	 away	 from	 the	well	 centre.	 Software	was	 then	used	 to	 assess	 the	
change	in	NW	distribution	by	measuring	the	change	in	light	intensity	within	each	well,	as	the	NWs,	
suspended	 in	 anisole,	 reoriented	 and	moved	 in	 response	 to	 the	 applied	 field.	 The	 change	 in	 light	
intensity	 was	 normalised	 to	 the	 intensity	 of	 the	 image	 of	 the	 well	 captured	 before	 applying	 the	
electric	field,	and	the	relative	dielectrophoretic	force	acting	on	NWs	was	then	related	to	the	changes	
of	light	intensity.	When	dispersed	NWs	experience	a	DEP	force	in	a	liquid,	they	reach	their	terminal	
velocity	 in	 milliseconds,	 so	 it	 can	 be	 assumed	 that	 for	 any	 observed	 movement,	 the	 velocity	 is	
proportional	 to	 the	DEP	 force	 (FDEP)	 exerted	on	 the	particle.	 FDEP	 for	NWs	with	 cylindrical	 shape	 is	
commonly	approximated	to	that	of	a	cigar	shape	with	major	and	minor	axes	equal	to	the	length	and	
diameter,	using	the	relationship	given	by	Equation	5.3	[41].		
Examination	 of	 Equation	 5.3	 shows	 that	 the	 DEP	 force	 scales	 with	 particle	 volume.	 Traditionally,	
nanoparticles	have	required	the	reduction	in	volume	to	be	balanced	by	an	increase	in	∇E!,	so	that	
electrodes	designed	for	manipulating	nanoparticles	typically	have	inter-electrode	gaps	of	a	few	µm	
no	voltage	 Negative	DEP	 Positive	DEP	
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and	 are	 fabricated	 using	 thin-film	 photolithographic	 methods	 that	 produce	 very	 sharp	 cross-
sections;	such	electrodes	are	usually	only	able	to	trap	for	a	few	tens	of	µm	from	the	inter-electrode	
gaps.	However,	the	electrodes	used	here	do	not	resemble	these	electrodes	at	all;	instead	the	inter-
electrode	gap	 is	150	µm.	Nevertheless,	 the	nature	of	NWs	 is	 that	 the	dipole	along	 the	 long	axis	 is	
sufficiently	 substantial	 to	 induce	 enough	 DEP	 force	 to	 move	 the	 nanoparticles	 in	 the	 suspension	
medium.	Consequently,	DEP	alignment	is	observed	even	at	a	distance	from	these	large	electrodes.		
	
5.4.3 3DEP	Analysis:	Nanowire	Characterisation	of	Electrical	Properties	
The	DEP	force	spectrum	of	CVD-grown	SiNWs	obtained	by	3DEP	is	shown	in	Figure	5.16.	The	points	
represent	the	mean	(n=3)	DEP	system	response	at	different	frequencies;	the	solid	line	represents	the	
best	fit	to	the	data.	The	graph	shows	a	plateau	response	between	1	kHz	and	100	kHz,	followed	by	a	
decrease	of	relative	DEP	force	at	around	1	MHz	signal	frequency.	At	frequencies	10	MHz	–	20	MHz,	
the	DEP	force	reaches	lower,	but	non-zero,	values,	indicating	that	a	smaller	population	of	NWs	is	still	
able	to	respond	to	the	DEP	force.	The	whole	response	spectrum	(1	kHz	–	20	MHz)	characterisation	of	
NWs	takes	only	one	minute.	The	change	of	light	intensity	(depth	penetration)	over	the	wells	for	the	
DEP	spectrum	(Figure	5.16)	 is	shown	in	Figure	F1,	Appendix	F.	The	DEP	force	spectrum	using	3DEP	
was	 also	 investigated	 for	 the	 SFLS-grown	 SiNWs	 shown,	 in	 Figure	 F2,	 Appendix	 F.	 The	 frequency	
response	of	the	SFLS-grown	SiNWs	follows	the	same	trend	seen	in	the	time	constant	plot	in	Figure	
5.6.	
Whilst	VLS	growth	of	SiNWs	could	be	expected	to	provide	a	mono-dispersed	collection	of	NWs,	both	
in	 terms	 of	 their	 lengths	 and	 electrical	 properties,	 the	 frequency	 range	 over	 which	 the	 DEP	
dispersion	takes	place	 (beginning	at	ca.	1	kHz	and	continuing	to	over	20	MHz)	suggests	a	range	of	
NW	heterogeneity;	the	dispersion	of	homogeneous	NWs	would	typically	take	one	decade	to	move	
from	<10%	of	 the	 transition	 to	>90%	 [42].	 It	 is	noted	 that	VLS	growth	provides	SiNWs	with	highly	
consistent	lengths	and	diameters,	unlike	SLFS	synthesis	[1],	so	in	the	current	study	the	influence	of	
morphological	properties,	such	as	lengths	and	diameters	on	the	DEP	response	characteristics,	can	be	
disregarded.		
As	the	frequency	 increases,	the	dipole	across	the	nanomaterials	weakens,	causing	the	relative	DEP	
force	to	drop,	so	NWs	with	the	lowest	conductivity	will	DEP	assembly	only	at	 low	frequencies.	The	
variations	in	conductivity	are	expected	to	originate	from	the	crystal	quality	of	the	NWs,	such	as	the	
concentration	 of	 surface	 and	 crystalline	 defects	 and	 associated	 traps.	 It	 is	 also	 expected	 that	 the	
SiNWs	 will	 not	 experience	 nDEP,	 given	 their	 high	 conductivity	 value	 compared	 to	 the	 medium	
(anisole).	However,	at	higher	frequencies	it	is	predicted	that	FDEP	will	reach	a	plateau,	where	highest	
conductivity	 NWs	 can	 still	 be	 collected,	 and	 then	 decline	 close	 to	 zero	 DEP	 force.	 For	 DEP	 NW	
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assembly	this	means	that	SiNWs	with	various	conductivity	properties	will	respond	to	the	DEP	signal	
ranging	 from	few	Hz	 to	approximately	 few	hundred	kHz,	as	 shown	 in	Figure	5.16.	This	 results	 in	a	
collection	of	NWs	with	average	conductivity	properties,	whereas	DEP	assembly	at	high	frequencies	
10-20	MHz	results	in	the	collection	of	exclusively	the	highest	quality	and	highest	conductivity	NWs.	
In	relation	to	other	semiconducting	NWs	and	nanomaterials,	such	as	groups	IV,	III-V,	and	II-VI	etc.,	it	
is	 anticipated	 that	 DEP	 threshold	 frequency	 separating	 the	 collection	 of	 good-	 and	 poor-quality	
nanoparticles	will	 vary	 according	 to	 their	 different	doping	 levels	 and	 corresponding	 charge	 carrier	
mobilities,	and	will	need	to	be	determined	experimentally.		
	
	
	
	
	
	
	
	
	
				
	
	
	
	
Figure	5.16	-	Relative	DEP	force	(arbitrary	units)	as	a	function	of	DEP	signal	frequency	for	CVD-grown	SiNWs	suspended	
in	 anisole	 generated	 by	 the	 commercially	 available	 3DEP	 system	 reader	 (3DEP	 by	DEPtech,	Uckfield,	 UK).	 The	 points	
represent	 the	mean	DEP	 response	of	 three	 independent	experiments.	The	 solid	 red	 line	 represents	 the	best	 fit.	 Error	
bars	were	evaluated	from	the	fluctuations	of	light	intensity	due	to	the	random	movement	of	NWs	in	the	liquid.	
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Figure	5.17	–	(a)	POM	and	(b)	SEM	image	of	SiNWs	aligned	across	10	μm	FET	channel	gaps	via	DEP.	POM	imaging	was	
used	to	evaluate	the	total	number	of	NWs	crossing	the	FET	electrodes.			
	
The	electrical	 properties	 of	 the	 SiNWs	 collected	 at	 different	 frequencies	were	 investigated	by	 FET	
analysis	 to	establish	a	direct	 correlation	with	 the	effective	DEP	 force	 spectrum.	The	bottom-gated	
FET	devices	with	50	nm	Au	or	Pd	 layers	 for	patterning	 the	 s/d	 contacts	were	prepared	on	 Si/SiO2	
substrates.	The	fabrication	process	was	discussed	in	section	3.5.1.	The	choice	of	the	contact	metals	
is	dictated	by	p-type	conductivity	that	 is	usually	observed	 in	undoped	SiNWs	[43].	Both	Au	and	Pd	
metals	work-functions	 are	 closely	matched	 to	 the	 valence	 band	 edge	 of	 Si	 to	 enable	 near-Ohmic	
contact	for	p-type	transport	[30].	The	alignment	of	the	SiNWs	was	performed	using	DEP,	by	applying	
an	 AC	 field	 across	 the	 two	 parallel	 electrodes	 (at	 Vpp=12	 V)	 forming	 the	 s/d	 contacts	 of	 the	 FET	
(Figure	 5.17).	 A	 more	 detailed	 analysis	 on	 the	 DEP	 assembly	 can	 be	 found	 in	 section	 3.8.1.	 A	
schematic	of	 the	bottom-gated	FET	device	with	Au	contacts	 is	shown	 in	Figure	5.7.	The	transistors	
were	 characterised	 using	 a	 Keithley	 4200	 SCS	 analyser	 system	 in	 a	N2-filled	 glove	 box	 in	 order	 to	
minimise	effects	of	atmospheric	contamination.		
Typical	transfer	characteristics	of	FETs	made	of	NWs	aligned	at	various	DEP	frequencies	are	shown	in	
Figure	5.18	(a).	The	transfer	characteristics	were	normalized	to	the	number	of	NWs	that	bridge	the	
s/d	 electrodes,	 typically	 between	 50	 and	 230	 NWs.	 FET	 devices	 with	 NWs	 aligned	 at	 higher	 DEP	
frequencies	 (10	 MHz	 and	 20	 MHz)	 consistently	 demonstrated	 higher	 currents,	 highlighting	 the	
superior	 conductivity	 properties	 of	 the	 NWs.	 In	 order	 to	 evaluate	 the	 FET	 performance,	 the	 sub-
threshold	 slope	 (s-s),	 the	 trap-density	 (Ntrap)	and	mobility	 (μ)	were	calculated	as	a	 function	of	DEP	
frequency	(see	Equations	5.5-5.9).	
(a)	 (b)	
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Figure	5.18	-	(a)	Transfer	characteristic	of	CVD-grown	SiNW	FETs	aligned	via	DEP	at	30	Hz,	300	kHz,	10	MHz	and	20	MHz.	
The	plot	 is	normalised	to	the	number	of	NWs	across	the	FET	channel,	thus	showing	an	average	current	per	NW.	(b,	c)	
Typical	performance	data,	including	sub-threshold	swing	(s-s),	trap-density	(Ntrap),	mobility	(μ)	and	on-current	(ION)	for	a	
number	of	FET	devices	with	NWs	aligned	at	30	Hz,	300	kHz,	10	MHz	and	20	MHz.		
	
The	 sub-threshold	 swing,	 trap-density	 and	mobility	 as	 a	 function	 of	DEP	 frequency	 of	 the	 devices	
shown	in	Figure	5.18	(a),	are	shown	in	Table	5.1.	Furthermore,	similar	data	from	a	number	of	devices	
fabricated	at	a	range	of	DEP	signal	frequencies	(30	Hz,	300	kHz,	10	MHz,	20	MHz)	are	also	shown	in	
Figure	5.18	(b,	c).	It	is	clear	that	the	SiNWs	that	aligned	at	the	low-DEP	frequencies	(30	Hz	and	300	
kHz)	 showed	 low	maximum	on-state	 current	at	 the	gate	voltage	 (VG)	of	 -40	V	 (Figure	5.18,	 c).	 For	
SiNWs	collected	at	high-frequencies	(10	MHz	and	20	MHz),	the	FETs	showed	a	significantly	improved	
performance,	 with	 two	 orders	 of	 magnitude	 higher	 current	 (per	 NW),	 50%	 lower	 sub-threshold	
swing	(s-s)	and	more	than	100	times	higher	mobility	(μ)	values	compared	to	FETs	with	NWs	collected	
at	low-frequencies	(see	Table	5.1	and	Figure	5.18,	b,	c).	The	increase	in	the	mobility	values	from	low	
to	high	frequencies	can	be	attributed	to	several	factors,	including	the	collection	of	NWs	with	higher	
crystal	quality	and	lower	densities	of	defects	and	trap	states,	which	all	affect	the	ability	of	the	NWs	
(a)	
(b)	 (c)	
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to	respond	to	the	fast	oscillating	external	non-uniform	DEP	field	[1].	The	reduction	of	sub-threshold	
slope	(s-s)	and	NW	surface	trap-density	(NTrap)	for	FET	devices	containing	NWs	collected	at	20	MHz	
provides	further	support	of	the	selective	properties	of	the	DEP	process	to	assemble	NWs	with	lower	
trap-density.	
	
Table	5.1	-	Sub-threshold	swing	(s-s),	trap-density	(NTrap)	and	mobility	(μ)	values	of	the	devices	shown	in	Figure	5.17	(a).	
DEP	Frequency	(Hz)	 s-s	(V/decade)	 NTrap	(cm
-2)	 μ	(cm2	V-1	s-1)	
30	 4.09	 1.73E13	 0.1	
300	k	 4.97	 2.10E13	 0.06	
10	M	 2.13	 8.88E12	 7.05	
20	M	 2.61	 1.09E13	 8.71				
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	5.19	-	Example	of	a	high-current	FET	(comprising	of	200	NWs)	with	SiNWs	being	DEP-aligned	at	20	MHz.	Left	y-axis	
shows	the	linear	scale	and	right	y-axis	shows	the	logarithmic	scale	at	VD=-5	to	-25	V,	in	-5	V	steps.	Maximum	device	on-
current	is	≈0.65	mA.	
	
Finally,	to	evaluate	the	range	of	maximum	on-currents	that	can	be	supported	by	high-quality	SiNW	
FET,	a	device	with	approximately	200	NWs	 in	 the	channel	was	prepared	by	assembling	NWs	at	20	
MHz	DEP	signal	 frequency.	An	example	of	high	current	FET	 I-V	curves	 is	shown	 in	Figure	5.19.	The	
device	was	capable	of	supporting	a	total	current	of	≈0.65	mA	(VG=-40V,	VD=-25	V),	high	on/off	ratio	
of	105	and	hole	mobility	(μ)	of	16	(±	2.3)	cm2	V-1	s-1.		
These	 results	 demonstrate	 that	 NWs	 grown	 in	 the	 same	 controllable	 CVD	 process,	 still	 have	
significant	 variations	 in	 properties	 as	 evidenced	 by	 the	 FET	 data.	 By	 analysing	 the	 frequency	
spectrum	generated	using	 the	 3DEP,	 a	 direct	 correlation	was	 obtained	between	 the	 properties	 of	
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NWs	collected	at	different	frequencies	and	the	corresponding	FET	characteristics	(Figure	5.18,	a-c).	
Thus,	 by	 altering	 the	 DEP	 frequency,	 high-	 or	 low-quality	 NWs	 can	 be	 discriminated.	 DEP-aligned	
NWs	in	the	high-frequency	range	(10	MHz	and	20	MHz)	showed	up	to	100	times	higher	on-current	
and	carrier	mobility	values,	compared	to	the	low-frequency	range	(30	Hz	and	300	kHz).		
This	demonstration	concludes	that	3DEP	DEP-microwell	electrode	system	is	a	powerful	tool,	which	
can	provide	a	rapid	discrimination	of	SiNWs	with	different	electrical	properties,	providing	a	guidance	
for	the	selection	and	collection	of	high-quality	NWs	with	high-electrical	conductivity.		
The	 3DEP	 analysis	 is	 the	 optimum	 system	 for	 truly	 rapid	 characterisation	 of	 heterogeneous	NWs.	
The	DEP	spectrum	signal	map	provided	by	3DEP	can	be	used	as	a	quality-test	and	guidance	prior	to	
NW	DEP	deposition.	It	is	proposed	that	beyond	the	immediate	application	for	SiNWs,	3DEP	analysis	
is	 applied	 for	 the	 efficient	 evaluation	 of	 properties	 of	 a	 wide	 variety	 of	 nanostructures,	 such	 as	
metallic	 and	 semiconducting	 NWs,	 CNTs	 and	 nanoflakes.	 The	 monitoring	 of	 NWs/nanomaterials	
through	 3DEP	will	 provide	 a	 reproducible	 and	high-quality	 device	 fabrication	 for	 storage,	 sensors,	
memory,	high-performance	FETs	and	opto-electronic	applications.	
	
5.5 Dielectophoresis	vs.	Roll-Cast	Coating	
SFLS-grown	 SiNW	 FETs	 were	 aligned	 using	 both	 DEP	 and	 roll-cast	 coating.	 Both	 techniques	 were	
compared	in	terms	of	their	s-s	values,	since	this	was	the	main	feature	for	the	enhancement	of	the	
sensitivity	 of	 the	 gas	 FET	 sensor;	 the	 value	 of	 relatively	 high	 on-current	 (ION)	 is	 not	 important	 for	
sensing	applications.	
Figure	5.20	illustrates	the	values	of	sub-threshold	swing	(s-s)	of	25	sample	devices	using	DEP	and	the	
roll-cast	coating	as	NW	assembly	methods.	DEP	aligned	NWs	(at	20	MHz)	consistently	showed	low	s-
s	 values	 due	 to	 the	 NW	 selectivity	 of	 the	 DEP	method.	 The	 collection	 rate	 frequency	 of	 DEP	 can	
provide	 a	 selection	 of	 higher	 conductivity	 of	 NWs,	 with	 low	 trap	 densities	 (Ntrap)	 for	 lower	 sub-
threshold	 swing	 (s-s).	 The	 roll-cast	 coating	 technique	 is	 incapable	of	 selecting	NWs	based	on	 their	
electrical	 properties,	 thus	 high	 sub-threshold	 values	 (s-s)	 were	 observed	 as	 expected.	 Devices	
aligned	 using	 roll-cast	 coating	 exhibited	 a	 variety	 of	 s-s	 values,	with	 less	 than	 20%	 of	 the	 sample	
devices	 showing	 sub-threshold	 values	 (s-s)	 below	 1.5	 V.	 The	 main	 reason	 for	 the	 poor	 FET	
performance	 via	 roll-cast	 coating	 is	 the	 random	 selection	 of	 the	 NWs	 based	 on	 their	 electrical	
properties.	Therefore,	 the	variety	of	deposited	NWs	with	different	electrical	properties	causes	 the	
low	reproducibility	of	the	FET	devices.		
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Figure	5.20	–	Sub-threshold	swing	(s-s)	values	from	a	sample	of	25	SFLS-grown	SiNW	FETs	aligned	using	the	DEP	and	roll-
cast	coating	method.		
	
	
	
	
	
	
	
	
	
	
Figure	5.21	–	SFLS-grown	SiNW	FETs	fabricated	via	 (a)	DEP	and	(b)	roll-cast	coating.	The	accurate	deposition	of	SiNWs	
and	the	dense	alignment	set	DEP	as	the	most	promising	technique	for	NW	deposition.	
	
Examining	the	performance	of	DEP	and	roll-cast	coating	in	terms	of	s-s	values	(Figure	5.20)	and	NW	
alignment	 (Figure	 5.21,	 a,	 b),	 it	 is	 observed	 that	 DEP	 provides	 a	 very	 consistent	 electrical	 device	
performance	 with	 a	 controllable	 deposition	 of	 NWs.	 The	 deposition	 of	 a	 finite	 number	 of	 well-
separated	SiNWs	(a	few	μm)	on	predefined	 locations	can	be	controlled	via	DEP	(Figure	5.21,	a),	as	
opposed	to	roll-cast	coating	(Figure	5.21,	b)	which	provides	a	limited	number	of	aligned	NWs	and	a	
(b)	(a)	
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random	selection	of	NW	electrical	properties.	Also,	using	a	 low-concentration	of	NW-solution	 (for	
roll-cast	coating)	is	a	very	challenging	task	for	aligning	a	finite	number	of	well-separated	NWs	across	
the	s/d	contacts.	Roll-cast	coating	wastes	a	lot	of	material	during	the	NW	deposition,	since	NWs	are	
deposited	over	the	entire	coating	area.	
To	conclude,	the	DEP	technique	exhibited	a	controllable	SiNW	deposition	on	pre-defined	electrode	
areas	 (enhancement	 of	 the	 sensing	 area)	 with	 a	 very	 low	 variation	 in	 the	 s-s	 values	 of	 the	 FET	
devices	 (enhancement	 of	 the	 device	 sensitivity).	 Thus,	 DEP	 is	 the	 most	 suitable	 NW	 deposition	
technique	for	the	fabrication	of	high-quality	SiNW	FET	devices	for	sensing	applications.		
	
5.6 Fully-Printed	Silicon	Nanowire	Field-Effect	Transistors	
Following	 the	 printed	 electronic	 approaches,	 fully-printed	 SFLS-grown	 SiNW	 FET	 devices	 were	
fabricated	using	inkjet	printer	for	the	formation	of	the	s/d	electrodes	and	DEP	for	the	NW	deposition	
and	 alignment.	 MPS	 SiNWs	 were	 used	 in	 this	 work	 and	 Ag-nanoparticle	 ink	 was	 used	 for	 the	
electrode	contacts.		
The	transfer	and	output	characteristic	plots	of	the	best	performing	device	are	shown	in	Figure	5.22	
(a,	 b).	 The	device	demonstrated	 a	 satisfactory	performance,	 including	 103-104	 on/off	 ratio	 (ION/OFF)	
and	sub-threshold	swing	(s-s)	of	≈1.5V.	However,	the	low	value	of	transconductance	(gm)	(0.043	μS)	
resulted	 in	a	very	 low	mobility	 (μ)	of	0.12	cm2	V-1	s-1.	This	 is	mainly	due	to	the	absence	of	 the	top	
electrode	 contacts	 -	 the	 top	 ‘wrap-around’	 electrodes	 increase	 the	 NW-metal	 contact	 area	 and	
enhance	the	current	injection.	The	device	was	consisted	of	120	NWs	(Figure	5.22,	c).	Figure	5.22	(d)	
shows	a	typical	DEP-aligned	SiNW	on	the	printed	s/d	electrodes.		
	
	
	
(a)	 (b)	
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Figure	5.22	–	 (a)	Transfer	and	 (b)	output	characteristic	plots,	and	 (c)	POM	and	 (d)	SEM	 images	of	a	 fully	printed	MPS	
SiNW	FET	using	Dimatix	Materials	Printed	DMP-2800	series	by	FUJIFILM.	
	
5.7 Concluding	Remark	and	Outlook	
In	conclusion,	 it	was	experimentally	demonstrated	that	DEP	coupled	with	 impedance	spectroscopy	
provides	 a	 powerful	 tool	 for	 the	 selection	 and	 collection	 of	 semiconducting	 NWs	 with	 different	
electrical	and	morphological	properties,	 resulting	 in	a	controlled	deposition	of	high-quality,	 lowest	
level	of	defects/traps	NWs,	with	very	narrow	distribution	of	lengths	and	electrical	properties.	It	also	
allows	 simultaneous	 positioning	 of	NWs	with	 respect	 to	 pre-patterned	 electrodes	 forming	 a	 large	
array	 assembly	 at	 low-cost.	 This	methodology	 is	 generic	 and	 can	 be	 applied	 to	 any	 other	 type	 of	
nanomaterials.	
It	 was	 also	 discovered	 that	 as-synthesised	 SFLS-grown	 SiNWs	 show	 a	 large	 dispersion	 in	mobility	
values	due	to	various	densities	of	defects	and	trap	states	all	affecting	the	ability	to	form	a	dipole	in	
the	 fast	 oscillating	 external	 non-uniform	DEP	 field.	 Similar	 tendencies	were	 demonstrated	 for	 the	
CVD-grown	NWs.		
Importantly,	one-process	step	DEP	assembly	at	5-20	MHz	signal	frequencies	and	a	5-10	Vpp	applied	
voltage	allows	the	production	of	 ‘aligned	monolayer’	of	NWs	with	controllable	density	that	 is	 ideal	
for	 the	 fabrication	 of	 high-performance	 solution	 processed	 NW	 FETs.	 FET	 devices	 based	 on	 SFLS-
grown	SiNWs	were	demonstrated	with	excellent	performance	characteristics,	 including	high	on/off	
current	 (ION/OFF)	 ratios	 of	 106-107,	 low	 off-current	 (IOFF),	 high	 on-current	 (ION)	 of	 up	 to	 3	 mA,	 sub-
threshold	swing	(s-s)	of	≈1.26	V/decade	and	device	mobility	(μ)	of	≈50	cm2	V-1	s-1,	being	the	highest	
ever	reported	for	SFLS-grown	SiNW	FETs.			
Finally,	 an	 industrially	 scaled-up	method	 for	 the	monitoring	 of	 the	 electrical	 properties	 of	 SiNWs	
based	on	DEP	was	demonstrated,	using	a	3DEP	system	reader.	It	was	experimentally	demonstrated	
that	 3DEP	 DEP-microwell	 electrode	 system	 is	 a	 powerful	 tool,	 which	 can	 provide	 a	 rapid	
discrimination	of	SiNWs	with	different	electrical	properties,	providing	guidance	for	the	selection	and	
(c)	 (d)	
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collection	of	high-quality	NWs	with	high	electrical	conductivity.	The	analysis	provided	by	3DEP	was	
experimentally	 confirmed	 by	 FET	 data.	 The	 proposed	methodology	 can	 be	 applied	 to	 any	 type	 of	
nanomaterials.		
Concluding,	the	dielectrophoresis	and	collection	rate	 impedance	spectroscopy	method	enables	the	
effective	 selection	 and	 assembly	 for	 the	 fabrication	 of	 reproducible,	 high-quality	 and	 high-
performance	NW	based	devices,	providing	the	pathway	to	a	printed	electronics	approach	that	can	
be	scaled	up	for	industrial	applications,	such	as	sensors.	
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6	
Stable	Threshold	and	Hysteresis-Free	
FETs	by	Surface	Passivation	
	
This	chapter	contains	material	published	at	ACS	Applied	Materials	&	Interfaces	[1].	
6.1 Introduction	
Hysteresis	 in	NWs,	CNTs	and	organic-based	FETs	 -	 especially	 those	utilising	 SiO2	dielectrics	 -	 is	 the	
main	source	of	performance	instabilities	that	affect	the	reproducibility	and	reliability	of	the	devices	
and	 their	 application.	 Hysteresis	 causes	 drifts	 in	 the	 threshold	 voltage	 (which	 is	 the	main	 sensing	
metric),	 and	 consequently	 drifts	 the	 sensing	 signal	 of	 the	 target	 molecule,	 providing	 limited	
sensitivity	[2].	In	most	cases,	except	memory	applications,	the	presence	of	hysteresis	is	an	unwanted	
effect.	 A	 lot	 of	 methods	 have	 been	 reported	 for	 the	 minimisation	 of	 hysteresis,	 including	 high-
temperature	 annealing,	 which	 is	 not	 suitable	 for	 plastic	 electronic	 applications.	 This	 chapter	
demonstrates	 a	 very	 efficient	 method	 for	 nanoparticle	 passivation	 that	 results	 in	 a	 dramatic	
reduction	of	surface	trap-states	on	SiNWs.	The	approach	is	ideally	suited	to	nanomaterials	intended	
for	 printed	 electronic	 applications,	 as	 it	 is	 quick,	 fully	 solution-based,	 and	 conducted	 at	 room	
temperature	 and	 normal	 pressure.	 Moreover,	 NW	 deposition,	 alignment,	 and	 passivation	 are	 all	
performed	 in	 a	 single-deposition	 step	 (as	 shown	 in	 Chapter	 5).	 The	 passivation	 phenomenon	 is	
directly	 linked	 to	 the	 interfacial	mild	 oxidation	 effect	 induced	 by	 the	 processing	 solvent.	 The	 low	
hysteresis	obtained	using	 this	method	 can	enhance	 the	performance	and	 reliability	of	 the	 sensing	
response	of	the	chem-FETs.	This	chapter	mainly	investigates	the	passivation	mechanism	via	XPS	and	
electrical	 data	 for	 the	 SFLS-grown	 SiNWs.	 Electrical	 data	 analysis	 of	 hysteresis	 for	 the	 CVD-grown	
SiNWs	are	also	introduced.		
	
6.2 The	Origin	and	Effect	of	Hysteresis	
The	 hysteresis	 behaviour	 is	 observed	 in	 two	 types:	 clockwise	 and	 anti-clockwise.	 Clockwise	
hysteresis	 originates	 from	 the	 polarised	 species	which	 remain	 polarised	 during	 the	 on-to-off	 gate	
sweep.	As	a	result,	the	on-to-off	swept	transfer	curve	shifts	to	higher	VG	values	relative	to	the	off-to-
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on.	The	anti-clockwise	hysteresis	mainly	originates	from	electrons	and	holes	trapping/detrapping	at	
the	 semiconductor/insulator	 interface.	 This	 is	 a	 result	 of	 the	 dielectric	 surface	 functionalities	 and	
small	 molecules	 (e.g.	 oxygen	 and	 water)	 adsorbed	 by	 the	 silanol	 groups	 at	 the	 interfacial	 layer	
between	the	semiconducting	material	and	the	gate	dielectric	[3].	These	silanol	groups	(Si-OH),	also	
known	as	hydroxyl	groups,	can	be	formed	at	the	Si	oxide	surface	even	during	the	synthesis	of	silica	
[4],	 and	 not	 just	 through	 atmospheric	 exposure.	 The	 high	 density	 of	water	molecules	 at	 the	 SiO2	
surface	was	shown	to	induce	a	hysteresis	exceeding	50%	of	the	applied	gate	voltage	in	CNTFETs	[5].	
Additionally,	hole-trapping	can	originate	from	weak	Si-Si	bonds	(excess	Si	or	oxygen	vacancies)	and	
weak	 Si-O	 bonds	 (siloxanes)	 near	 the	 Si-SiO2	 interface	 [6].	 Two	 types	 of	 SiNWs	 are	 used	 for	
passivation	 studies:	 SFLS-	 and	 CVD-grown	 SiNWs.	 The	 SFLS-grown	 SiNWs	 used	 in	 this	 work	 are	
covered	 with	 an	 amorphous	 polyphenylsilane	 shell	 during	 the	 synthesis.	 The	 shell	 is	 mostly	
composed	of	 carbon,	oxygen	and	Si	 species,	 as	discussed	 in	 section	4.3.4,	with	Si	being	 in	 various	
oxidation	states	(Si1+,	Si2+,	Si3+,	Si4+).	These	oxidation	states	of	Si	contribute	to	the	NW	surface	states	
that	 play	 an	 important	 role	 in	 electronic	 properties,	 and	 can	 dramatically	 affect	 NW	 device	
performance,	 such	 as	 in	 FETs.	 The	 CVD-grown	 SiNWs	 are	 covered	 with	 a	 thin	 (≈2-3	 nm)	 shell	 of	
native	 oxide,	 as	 shown	 in	 Figure	 4.10.	 Trapping	 of	 charge	 carriers	 at	 the	 semiconductor-dielectric	
interface,	including	NW	shell	region,	can	lead	to	a	hysteresis	effect	in	device	I-V	characteristics	and	
give	 low	 charge	 mobility.	 Hysteresis	 represents	 a	 shift	 in	 the	 threshold	 voltage	 (VTh)	 under	 the	
application	 of	 gate	 bias.	 In	NW	FETs,	 hysteresis	 can	 be	 observed	both	 in	moisture-free	 (dry	 glove	
box)	and	ambient	air	conditions,	and	is	associated	with	the	strong	bonding	of	polar	water	molecules	
to	SiO2	surfaces	of	NWs	and	substrates.	
	
6.3 Solution-Based	Method	for	Hysteresis-Free	SFLS	Nanowire	Field-Effect	Transistors	
Several	 methods	 have	 been	 reported	 for	 minimising	 hysteresis	 on	 SiO2	 wafers	 with	 high-
temperature	annealing	being	the	predominant	method.	Annealing	SiNWs	at	700oC	[7]	and	≈1100oC	
[8]	 in	 an	 oxygen	 environment	 was	 reported	 to	 form	 a	 SiO2	 passivation	 layer	 around	 the	 NWs,	
reducing	 the	 hysteresis	 caused	 by	 the	 surface	 states.	 Fukata	 et	 al.	 [9]	 demonstrated	 thermal	
oxidation	using	ozone	gas	for	forming	a	good	quality	thick	SiO2	layer	at	a	lower	temperature	(600oC).	
However,	such	high-temperature	annealing	 is	not	suitable	 for	plastic	electronic	applications,	and	a	
low-temperature	 process	 is	 still	 required.	 A	 common	 method	 for	 minimising	 hyseresis	 is	 the	
chemical	 reaction/treatment	 of	 silanol	 groups	 e.g.	 with	 HMDS,	 OTS	 and	 PMMA,	 widely	 used	 in	
OFETs.	 HMDS,	 OTS	 and	 PMMA	 selectively	 attach	 to	 silanol	 terminals,	 which	 decrease	 the	 silanol	
density	 and	 the	 free	 superficial	 traps	 (hysteresis	 reduces)	 [4,	 10].	 Their	 annealing	 temperature	 is	
compatible	with	plastic	electronics,	however	a	faster	solution-based	method	is	still	required.		
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In	 this	 work,	 the	 hysteresis	 effect	 in	 solution	 processed	 SFLS-grown	 SiNW	 FET	 devices	 was	
investigated	 and	 a	 room-temperature	 solvent-based	 oxidising-agent	 treatment	 was	 applied	 to	
demonstrate	reproducible	bottom-gated	NW	FETs	with	very	low/near-zero	hysteresis.	The	choice	of	
solvents	 had	 a	 dramatic	 impact	 on	 the	 NW	 surface	 traps,	 and	 as	 shown	 for	 DMF	 and	 DMA	
(dimethylacetamide),	the	trap-density	was	reduced	by	over	two	orders	of	magnitude.	For	the	studies	
presented	 in	 this	 work,	 anisole	 was	 used	 as	 a	 reference	 solvent	 for	 the	 NW	 dispersions.	 For	 the	
bottom-gated	FET	configuration	(Figure	6.1,	a)	the	NWs	were	deposited	and	aligned	between	device	
electrodes	in	a	one-step	process	using	DEP,	as	discussed	in	Chapter	5.	Also,	the	effect	of	hysteresis	
before	 and	 after	 surface	 passivation	 was	 investigated	 on	 CVD-grown	 SiNW	 FETs.	 The	 hysteresis	
extraction	method	used	in	this	chapter	is	discussed	in	section	2.4.4.2.	
	The	SFLS-grown	SiNWs	have	a	single	crystal	Si	core	and	an	amorphous	polyphenylsilane	shell		(MPS)	
mainly	composed	of	carbon	 (C1s)	 (44%),	oxygen	 (O1s)	 (39%)	and	stoichiometric	 Si	 (Si2p)	 (15%),	as	
verified	by	our	XPS	analysis	 shown	 in	section	4.3.4,	and	consistent	with	previous	 reports	 [11].	The	
thickness	of	the	polyphenylsilane	shell	varies	from	≈3	to	12	nm	as	shown	in	Figures	4.6	(a)	and	4.7	
(a).	 The	 complete	 device	 structure	 is	 conceptually	 shown	 in	 Figure	 6.1	 (a).	 The	CVD-grown	 SiNWs	
have	 a	 single	 crystal	 Si	 core	 and	 a	 thin	 native	 oxide	 shell	 composed	 of	 stoichiometric	 Si	 (Si2p)	 at	
104.1	 eV	 and	 oxygen	 (O1s)	 at	 532.5	 eV,	 according	 to	 previous	 studies	 [12].	 The	 thickness	 of	 the	
native	oxide	shell	 is	≈2	to	3	nm	as	shown	 in	Figure	4.10,	consistent	with	previous	studies	 [12,	13].	
The	SiNW	FETs	were	characterised	using	a	Keithley	4200	SCS	semiconductor	parameter	analyser,	in	a	
dry	N2-filled	glove	box,	 to	eliminate	environmental	effects	causing	degradation	of	 the	devices,	and	
stability	measurements	were	 conducted	 in	 ambient	 air	 conditions	 (RLH	 ≈46%).	 The	 change	 of	 the	
gate	bias	sweeping	direction	from	forward	to	backward	induced	a	shift	in	the	threshold	voltage	(VTh),	
which	was	estimated	for	the	extraction	of	the	hysteresis	value.		
Figure	6.1	-	(a)	Schematic	diagram	of	the	FET	device,	showing	the	SiNWs	aligned	across	the	channel	area	and	the	double-
layer	Au	Ohmic	contacts,	where	doped	Si	substrate	serves	as	the	common–gate	electrode.	(b)	Transfer	characteristic	of	
the	bottom-gated	with	SFLS-grown	SiNW	FET	shown	in	linear	and	log-linear	scales.	The	arrows	show	the	direction	of	the	
gate	voltage	scan.	High	hysteresis	of	30	V	(black	line)	was	exhibited	when	SiNWs	were	dispersed	in	anisole	and	very	low	
hysteresis	of	0.9	V	when	dispersed	in	DMF	(red	line),	due	to	significant	reduction	of	the	hole	traps.		
(a)	 (b)	
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Figure	 6.1	 (b),	 demonstrates	 typical	 transfer	 characteristics	 data	 for	 SiNW	 FETs	 prepared	 using	
anisole	and	DMF	as	processing	solvents.	The	FET	transfer	characteristics	were	measured	in	the	linear	
regime	with	the	gate	voltage	(VG)	swept	from	+10	V	to	-40	V	(forward	scan)	and	immediately	back	to	
+10	V	 (reverse	 scan)	 in	 500	mV	 steps.	 Anisole-processed	NW	FETs	 showed	 a	 very	 large	 threshold	
voltage	 shift	 for	 forward	 and	 reverse	 gate	 voltage	 scans,	 whereas	 DMF-processed	 devices	
demonstrated	 very	 small	 changes	 between	 the	 forward/reverse	 scans,	 whereas	 the	 transistor	
current	 at	higher	 gate	 voltages	 	 (VG=-25	 to	 -40	V)	was	 typically	higher	 than	 the	 current	 in	devices	
with	 anisole-dispersed	 NWs.	 The	 difference	 in	 hysteresis	 is	 significant	 and	 is	 attributed	 to	 the	
reaction	 of	 the	 dispersion	 solvent	 with	 the	 NW	 shell.	 Over	 100	 devices	 were	 fabricated	 and	
characterised	during	this	work,	and	all	of	them	showed	a	consistent	trend,	where	devices	fabricated	
using	 DMF	 as	 a	 solvent	 exhibited	 a	 significant	 reduction	 in	 hysteresis	 compared	 to	 transistors	
fabricated	 with	 anisole.	 Based	 on	 a	 statistical	 analysis	 of	 15	 typical	 bottom-gated	 FET	 devices	
prepared	 with	 each	 solvent,	 the	 average	 hysteresis	 values	 (ΔVTh)	 of	 NWs	 dispersed	 in	 DMF	 and	
anisole	were	3	V	and	25	V	respectively	(Figure	6.2	and	Table	G1,	Appendix	G).		
	
	
	
	
	
	
	
	
	
	
	
Figure	6.2	-	Statistical	analysis	of	the	degree	of	hysteresis	of	bottom-gated	FET	devices	with	SFLS-grown	SiNWs	dispersed	
in	DMF	and	anisole.	15	different	device	data	for	each	solvent	are	presented.	The	DMF-treated	NWs	exhibited	significant	
hysteresis	reduction	compared	to	anisole-treated	NW	devices.	
	
6.4 Charge-Trap	Density	Estimation	
The	charge	trap	density	(Qtrap)	was	estimated	using	the	following	equation	[14]:	
	
Equation	6.1	 	 	 	 Q!"#$ =  !!" !!!"!"!(!!!")!	 	 (cm-2)	 	
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where,	 CNW	 is	 the	 total	 gate	 capacitance	 based	 on	 the	 cylinder-on	 plate	 model	 which	 takes	 into	
consideration	 the	 electrostatic	 fringing	 effect	 [15,	 16],	 ΔVth	 is	 the	 hysteresis,	 q	 is	 the	 elementary	
charge,	 N	 is	 the	 number	 of	 NWs	 crossing	 the	 FET	 channel,	 rnw	 is	 the	 radius	 of	 the	 NW	 (≈15	 nm,	
according	 to	 AFM	 and	 TEM	 results)	 and	 L	 is	 the	 length	 of	 the	 NW	 in	 the	 FET	 channel	 (10	 μm).	
Equation	6.1	was	modified,	taking	into	consideration	the	total	number	(N)	of	aligned	NWs	across	the	
channel.	
The	 density	 of	 occupied	 traps	 for	 the	 SFLS-grown	 SiNW	 FET	 devices	 shown	 in	 Figure	 6.1	 (b)	 was	
calculated	using	Equation	6.1.	A	Qtrap	value	of	1.2	x	1013	cm-2	was	found	for	the	anisole-treated	NW	
FET,	with	≈120	NWs	in	the	FET	channel,	whereas	the	trap	density	in	the	DMF-treated	NW	FET	(with	
≈40	 NWs)	 was	 3.7	 x	 1011	 cm-2,	 demonstrating	 significant	 reduction	 of	 traps	 following	 DMF	
passivation.	 The	 results	 for	 some	of	 the	 lowest	 trap	 densities,	 3.7	 x	 1010	 cm-2	 achieved	with	DMF	
dispersed	 NW	 FETs	 	 (Figure	 6.3,	 a,	 b),	 showed	 near-zero	 hysteresis	 of	 0.1	 V	 and	 Ohmic	 output	
characteristics.		
	
	
Figure	 6.3	 -	 I-V	 characteristic	 of	 DMF-treated	 SLFS-grown	 SiNW	 FET	 with	 15	 NWs	 in	 the	 channel.	 (a)	 Transfer	
characteristics	obtained	at	VD=-0.5	V	showing	a	very	low	hysteresis	of	0.1	V	and	device	mobility	of	15	cm
2	V-	1	s-1.	(b)	The	
output	 characteristics	 show	 an	 Ohmic	 linear	 behaviour	 of	 drain	 current	 vs.	 drain	 voltage	 bias,	 and	 also	 good	 gate	
modulation.	VG	is	increased	in	-5	V	steps	from	0	to	-40	V.	
	
	
	
	
(a)	 (b)	
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Figure	6.4	-	Statistical	analysis	of	the	degree	trap	density	of	bottom-gated	FET	devices	with	SFLS-grown	SiNWs	dispersed	
in	DMF	and	anisole	shown	in	Figure	6.2.	15	different	device	data	for	each	solvent	are	presented.	The	DMF-treated	NWs	
exhibited	significant	trap	density	reduction	compared	to	anisole-treated	NW	devices.	
	
Figure	 6.4	 and	 Table	 G1	 (Appendix	 G)	 show	 the	 statistical	 analysis	 of	 the	 SFLS-grown	 SiNW	 FETs	
shown	in	Figure	6.2.	The	wide	spread	hysteresis	values	of	Figure	6.2	correspond	to	trap	densities	of	
8.6	x	1012	to	1.3	x	1013	cm-2	for	anisole-dispersed	NWs.	On	the	contrary,	the	DMF-dispersed	NW	FETs	
showed	 significantly	 narrower	 hysteresis	 results	 between	 0.1	 and	 5.1	 V,	 corresponding	 to	 Qtrap	
values	of	3.7	x	1010	to	2.1	x	1012	cm-2.		
	
6.5 Hysteresis:	Stability	Analysis	
6.5.1 Time-Dependent	Analysis	for	SFLS-grown	Silicon	Nanowire	
The	hysteresis	effect	was	also	investigated	for	SFLS-grown	SiNW	devices	exposed	to	ambient	air	(RLH	
≈46%)	 for	 prolonged	 periods	 of	 time.	 ΔVth	was	monitored	 for	 the	DMF-treated	 FET	 for	 over	 1000	
hours,	and	the	hysteresis	was	steadily	reduced	from	8	to	1.5	V	during	this	period	(Figure	6.5,	a,	c),	
indicating	 good	 channel	 passivation	 from	 ambient	 species,	 including	 water	 molecules.	 It	 is	
speculated	that	residues	of	the	DMF	solvent	still	remain	on	the	NW’s	shell	after	the	DMF	treatment	
of	the	FET	device,	and	after	the	exposure	to	air	it	still	contributes	to	the	reduction	of	hysteresis	over	
a	longer	period	of	time.	Additionally,	the	transistor	current	was	marginally	increased	from	1.2	to	1.6	
µA	(Figure	6.5,	b).			
Anisole	treated	SiNW	FET	device,	on	the	contrary,	showed	an	increase	of	more	than	10	V	hysteresis	
in	the	initial	24-hour	period	exposure	to	air.	The	hysteresis	increased	from	18	(±	1.6)	to	33	(±	0.1)	V.	
The	measurement	was	conducted	in	ambient	air	24	hours	after	FET	removal	from	the	glove	box.	The	
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device	was	un-measurable	after	one	week	of	 ambient	air	 exposure,	 showing	no	FET	 characteristic	
curves.	 However,	 the	 device	 current	 dropped	 5	 times	 during	 this	 short	 exposure,	 indicating	 a	
degradation	of	FET	characteristics	(Figure	6.5,	d).		
Overall,	 the	 hysteresis	 behaviour	 in	 the	 devices	 of	 this	 experiment	 was	 consistent	 with	 previous	
reports	for	SiNW	FETs.	The	devices	exhibited	an	anti-clockwise	hysteresis	when	during	the	forward	
gate	voltage	scan	the	long-lived	traps	were	populated	with	the	majority	carriers	holes,	and	the	FET	
threshold	was	then	pushed	to	higher	gate	voltages,	as	exhibited	by	the	reverse	scan.	The	traps	are	
considered	to	be	 located	at	 the	 interfacial	surface	 layer	of	 the	SiNW	channel	and	the	bottom	gate	
dielectric	 (SiO2).	 The	 traps	 are	 mainly	 associated	 with	 the	 defects	 of	 the	 semiconducting	
nanomaterials,	dielectric	surface	functionalities	and	the	adsorbed	water	and	oxygen	molecules	at/in	
the	interfacial	layers	[3].	It	was	speculated	that	DMF	treatment	is	not	likely	to	cause	changes	in	the	
Si	 core	 structure,	 and	 the	 observed	 reduction	 of	 hysteresis	 is	 associated	 with	 the	 NW	
polyphenylsilane	shell	composition.	
Figure	6.5	-	(a,	b)	Transfer	and	output	characteristic	of	the	DMF-treated	SFLS-grown	SiNW	FET	device	measured	in	a	N2-
filled	glove	box	and	in	ambient	air	environmental	conditions	after	1000	hours	of	exposure.	(c)	Change	of	the	hysteresis	
for	the	DMF-treated	FET	as	measured	in	air.	Refrence	measurement	conducted	in	a	dry	N2-filled	glove	box.	(d)	Transfer	
characteristic	 of	 the	 FET	 devices	with	NWs	dispersed	 in	 anisole	 and	measured	 in	N2-filled	 glove	 box	 and	 ambient	 air	
environmental	conditions	after	24	hours	of	exposure.		
(a)	 (b)	
(c)	 (d)	
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6.5.2 Bias-Stress	Analysis	for	SFLS-grown	Silicon	Nanowire	Field-Effect	Transistor	
The	 hysteresis	 effect	 and	 the	 stability	 of	 the	 SFLS-grown	 SiNW	 FET	 was	 also	 investigated	 as	 a	
function	of	 stress	bias	and	stress	 time,	known	as	gate-voltage	bias-stress	analysis.	 In	other	words,	
bias-stress	is	the	application	of	a	gate	voltage	for	a	prolonged	period	of	time.		
The	gate	bias	was	performed	 in	a	dry	N2-filled	glove	box	at	 -40	V	continuously	 for	41,400	seconds	
(11.5	 hours)	 and	 both	 the	 drain	 and	 source	 terminals	 were	 grounded.	 The	 bias-stress	 was	
interrupted	every	30	minutes	and	the	transfer	scan	was	measured	immediately	at	VD=-2.5	V	with	a	
fast	sweep	rate.	Figure	6.6	(a)	shows	the	transfer	characteristic	of	a	bottom-gated	SiNW	FET	with	the	
corresponding	hysteresis	(b)	and	threshold	voltage	values	(c).	
A	minimal	change	of	hysteresis	was	observed,	as	shown	in	Figure	6.6	(b).	Stressing	the	p-type	SiNW	
FET	 with	 negative	 gate	 voltages	 fills	 all	 the	 hole-traps,	 resulting	 in	 a	 smaller	 hysteresis,	 whereas	
positive	gate	voltage	stress	empties	all	the	traps	and	increases	the	hysteresis	effect.	During	the	bias-
stress,	the	shallow	traps	are	emptied	quickly	which	effectively	causes	the	hysteresis	[17].	Compared	
to	 previous	 studies	 conducted	 in	 our	 group,	 the	 change	 of	 hysteresis	 of	 bottom-gated	 SiNWs	
dispersed	 in	 anisole	 exhibited	 a	 rapid	 fall	 of	 ≈24	 V	 during	 the	 first	 bias-stress	 [18].	 However,	 the	
DMF-treated	 SFLS-grown	 SiNW	 FET	 exhibited	 <0.4	 V	 overall	 change	 of	 hysteresis	 during	 the	 11.5	
hours	gate	bias-stress.	This	result	highlights	the	much	lower	trap	density	on	the	NW	surface	of	the	
DMF-treated	SiNWs.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(a)	
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Figure	6.6	–	Transfer	characteristic	of	the	bottom-gated	SFLS-grown	SiNW	FET	during	11.5	hours	of	-40	V	gate	bias-stress	
in	 a	dry	N2-filled	 glove	box.	 The	 I-V	 scans	were	obtained	every	30	minutes	 at	VD=-2.5	V.	 Extracted	hysteresis	 (b)	 and	
threshold	voltage	shift	(c)	during	the	gate	bias-stress	shown	on	(a).		
	
As	expected,	a	shift	 in	 the	threshold	voltage	 (VTh)	 -	known	as	the	bias-stress	effect	 -	was	observed	
after	23	successive	cycles	of	30	minutes	each	(Figure	6.6,	a).	The	SiNW	FET	was	characterised	using	
semiconductor	 parameter	 analyser	 Keithley	 4200	 SCS,	 in	 a	 dry	 N2-filled	 glove	 box	 to	 eliminate	
environmental	effects.	The	threshold	voltage	(ΔVTh)	variations	are	summarised	in	Figure	6.6	(c).	The	
threshold	voltage	was	shifted	to	higher	negative	voltages,	with	a	considerable	shift	being	observed	
during	the	 first	 two	hours	 (after	5	cycles)	 followed	by	a	plateau	for	 the	rest	9.5	hours.	As	 the	bias	
voltage	 is	 applied	 (VG=-40V)	 the	 NW	 surface	 is	 accumulated	 by	 hole-carriers	 (majority	 carriers).	
Therefore,	the	shift	in	the	threshold	towards	the	negative	voltages	indicates	the	trap	of	the	majority	
carriers,	 which	 screen	 (interfere	 with)	 the	 electric	 field	 of	 the	 gate	 voltage.	 This	 leads	 to	 filling	
localised	electronic	states	(surface	states)	with	the	trapped	carriers	on	both	NW	and	gate-dielectric.	
The	 longer	the	bias	 is	applied,	 the	more	charged	carriers	are	trapped	 in	the	states,	hence	 larger	 is	
the	voltage	shift	 into	the	direction	of	the	applied	gate	voltage.	When	the	gate	voltage	 is	removed,	
accumulated	 charges	 stay	 trapped	 in	 the	 NW’s	 and	 dielectric’s	 surface-states,	 and	 exhibit	 a	 long	
decay	time.	The	decay	time	of	de-trapping	is	sufficiently	 longer	than	the	next	gate	bias-stress,	as	a	
result	higher	negative	gate	voltage	 is	required	to	establish	charge	accumulation	at	the	NW	surface	
(turn-on	 the	 FET)	 -	 due	 to	 the	 screening	 effect	 of	 the	 interface	 states.	 Therefore,	 the	 shift	 of	 the	
threshold	voltage	 is	caused	by	 the	deep-traps	 that	are	emptied	over	a	 longer	 time	scale	 i.e.	hours	
[17].	 Having	 observed	 a	 minimum	 change	 in	 the	 hysteresis	 during	 the	 bias-stress	 analysis	 it	 is	
concluded	 that	 the	 great	 majority	 of	 the	 voltage	 shift	 originates	 from	 the	 dielectric	 surface	
functionalities.	
The	 bias-stress	 analysis	 of	 the	 DMF-treated	 SFLS-grown	 SiNWs	 exhibits	 the	 reliable	 and	 high-
performance	effect	of	DMF	on	the	surface	of	NWs,	for	electronic	devices.		
	
(b)	 (c)	
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6.6 SFLS-grown	Silicon	Nanowire	Surface	Oxidation	Analysis	via	XPS	
For	 the	 investigation	 of	 the	 SFLS-grown	 SiNWs	 surface	 passivation,	 high-resolution	 XPS	 technique	
was	 used	 to	 analyse	 the	 surface	 of	 the	 as-synthesised,	 DMF-	 and	 anisole-treated	 NWs.	 A	 more	
detailed	analysis	 for	the	sample	preparation	and	the	XPS	analysis	as	well	as	principle	of	operation,	
can	be	found	in	section	4.3.4.		
Figure	6.7	(a)	 illustrates	the	peak	shapes	of	the	Si2p	spectra	of	each	sample,	with	the	vertical	 lines	
showing	the	five	different	Si	sub-peaks	 including	the	spin-splitting	peak	Si0	 (elemental	Si),	 the	sub-
stoichiometric	 oxides	 Si1+	 (Si2O),	 Si2+	 (SiO),	 Si3+	 (Si2O3)	 and	 the	 silicon	 dioxide	 peak	 Si4+	 (SiO2)	 [19],	
fitted	using	the	Gaussian/Lorentzian	function	(Figure	G1,	a-c,	Appendix	G),	where	the	peak	positions	
agree	with	 the	work	 of	 Bashouti	 et	 al.	 [20,	 21].	 It	 was	 observed	 that	 by	 overlaying	 the	 peak	 line	
shapes,	 there	was	 a	 substantial	 difference	 in	 the	oxidation	 states	of	 the	DMF-treated	 SiNWs	 shell	
compared	 to	 the	 as-synthesised	 (dry)	 and	 anisole-treated	 SiNWs.	 Following	 DMF	 treatment,	 the	
main	peak	position	of	the	Si2p	XPS	high-resolution	scan	shifted	from	100.3	eV	(for	dry	Si)	and	101.2	
eV	(for	anisole-treated	Si)	to	103.2	eV,	which	corresponds	to	the	formation	of	SiO2	(Si4+)	[19].	
In	 relation	to	the	reference	sample	 (dry	NWs),	 the	DMF	treatment	has	 the	greatest	 impact	on	the	
oxidation	of	the	NW	shell,	showing	a	35%	increase	in	the	SiO2	peak	(Si4+),	and	a	further	reduction	of	
the	 other	 peaks,	 except	 Si2O3	 (Si3+),	 which	 stays	 relatively	 constant	 to	 the	 reference	 (Table	 G2-3,	
Appendix	G).	Also,	the	decrease	in	the	core	Si	(Si0)	peak	(-8%)	in	the	DMF-treated	NWs	suggests	that	
the	silica	content	has	increased	compared	with	the	anisole-treated	NWs	(Si0	+6%).	Furthermore,	the	
decrease	in	the	Si1+	(-20%)	and	Si2+	(-5%)	states,	indicates	that	the	majority	of	the	SiO2	(Si4+)	increase	
comes	from	the	early	oxidization	stages	(Si1+,	Si2+)	(Table	G2-3,	Appendix	G).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	6.7	-	(a)	XPS	high-resolution	spectrum	of	the	Si2p	region	of	SFLS-grown	SiNWs	dispersed	in	anisole	and	DMF.	The	
dashed	lines	indicate	the	different	oxidation	states	of	Si0,	Si1+,	Si2+,	Si3+	and	Si4+.	After	DMF	treatment,	Si4+	peak	increases	
significantly,	whilst	anisole	 treatment	 results	 in	a	 small	 increase	 in	Si	peak	compared	 to	 the	dry	 sample	 (XPS	analysis	
conducted	by	Dr.	Steven	Hinder,	Department	of	Mechanical	Engineering	Sciences,	University	of	Surrey,	Surrey,	UK).	(b)	
HRTEM	 (HITACHI	 HD-2300A	 STEM)	 image	 of	 SiNWs	 dispersed	 in	 DMF	 showing	 a	 single	 crystal	 Si	 core	 with	 30	 nm	
diameter	and	a	≈5-8	nm	thick	amorphous	oxidized	polyphenylsilane	shell	(image	taken	by	Dr.	Vlad	Stolojan,	University	
of	Surrey,	Surrey,	UK).	
(b)	(a)	
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Anisole-treated	NWs,	when	compared	to	the	reference,	show	a	slight	decrease	in	Si1+	and	Si3+,	with	a	
slight	increase	in	the	Si2+	and	Si4+	sub-oxide	peaks	(Table	G2-3,	Appendix	G).	This	result	suggests	that	
the	 treatment	 of	 the	 NWs	 using	 anisole	 either	 decreases	 the	 Si1+	 and	 Si3+	 oxides,	 or	 etches	 the	
polyphenylsilane	shell.	
Overall,	the	XPS	analysis	 indicates	that	DMF	treatment	decreases	the	concentration	of	the	Si1+,	Si2+	
silicon	species,	contributing	to	the	increase	of	SiO2	(Si4+)	composition	in	the	NW	surface	layer.	Thus,	
the	DMF	solution	acts	as	a	mild	chemical	oxidizing	agent	for	the	polyphenylsilane	shell	[22,	23].		
According	to	the	C1s	XPS	spectra,	the	residue	of	anisole	(Figure	G2,	b,	Appendix	G)	and	DMF	(Figure	
G2,	c,	Appendix	G)	can	been	observed	due	to	the	increase	of	C-C	and	C=C	for	anisole	the	presence	of	
the	aromatic	ring,	and	the	C=O	in	DMF.	The	XPS	survey	spectrum	of	the	C	region	of	the	SFLS-grown	
SiNWs	is	shown	in	Figure	G2	(d),	Appendix	G.	
Following	the	XPS	analysis,	SiNWs	were	characterised	by	HRTEM	(HITACHI	HD-2300A	STEM).	Figure	
6.7	 (b)	 shows	 an	 image	 of	 a	 typical	 SiNW,	 with	 30	 nm	 diameter	 single	 crystal	 core.	 During	 the	
reaction	 (growth	 process),	 Si	 atoms	 diffuse	 into	 the	 metal	 seed	 and	 are	 extruded	 giving	 a	 nice	
uniform	core	diameter	–	as	set	by	the	seed	particle	size	-	along	the	NW,	as	shown	in	Figure	6.7	(b).	
The	 light	 grey	 colour	 layer	 around	 the	 Si	 core	 indicates	 the	 presence	 of	 a	 5-8	 nm	 thick	 oxidised	
amorphous	shell.	The	increase	of	silica	amount	(SiO2)	is	likely	to	passivate	the	Si	core	channel	area,	
provide	stability	against	environmental	ageing	and	prevent	the	adsorption	of	water	molecules	that	
are	responsible	for	the	hysteretic	behaviour	of	the	NW	FET	device.	However,	it	is	expected	that	the	
non-uniformity	 of	 the	 shell	 contributes	 to	 the	 variations	 in	 the	 low-hysteresis	 behaviour	 of	 the	
devices.	 The	 shell’s	 non-uniformity	 (≈35%	 variations	 in	 thickness)	mainly	 originates	 from	 the	 free	
floating	of	the	polyphenylsilane	byproducts	in	the	solution	during	NW	growth.	Due	to	its	incomplete	
mixing	 in	 the	 reactor,	 local	 concentration	 gradients	 occur	 and	 are	 randomly	 deposited	 along	 the	
NW’s	 core,	 forming	 various	 size	 concentrations	 and	 resulting	 in	 thick	 (at	high	 concentrations)	 and	
thin	(at	low	concentrations)	shell	distribution.	Additionally,	the	oxide	shell	can	act	as	a	gate	dielectric	
providing	 an	 improvement	 in	 the	 interfacial	 properties	 between	 the	 SiNW	 core	 and	 the	 gate	
dielectric	 (SiO2).	 Furthermore,	 due	 to	 the	 reduction	 of	 trap-states	 after	 DMF	 treatment	 and	 the	
corresponding	increase	of	the	transistor	current	(Figure	6.1,	b),	the	FET’s	on/off	ratio,	between	the	
current	in	the	‘on’	state,	and	‘off’,	is	increased.		
	
6.7 DMF	Post-Treatment:	A	Rapid	Oxidising	Agent	for	SFLS-	and	CVD-grown	Silicon	Nanowires	
Further	investigation	was	carried	out	on	whether	the	passivation	mechanism	of	DMF	was	applicable	
to	both	SFLS-grown	and	CVD-grown	SiNWs	that	had	already	been	deposited	on	the	substrate	from	
Chapter	6																																															Stable	Threshold	and	Hysteresis-free	FETs	by	Surface	Passivation	
	
167	
	
anisole	 formulations.	 Bottom-gated	 FETs	were	 fabricated	with	NWs	dispersed	 in	 anisole	 and	 then	
treated	in	DMF	for	a	short	period	of	time.		
The	hysteresis	reduced	from	11	to	6	V	when	the	SFLS-grown	SiNW	FET	device	was	dipped	into	DMF	
for	10	seconds,	in	ambient	air	(Figure	6.8,	a).	An	increase	of	the	FET	performance	was	also	observed,	
with	the	output	current	(IOUT)	increasing	from	≈0.95	to	≈4.3	μA	(measured	in	a	N2-filled	glove	box),	as	
shown	in	Figure	6.8	(b),	whereas	an	increase	in	the	device	mobility	(μ)	from	1	to	8	cm2	V-1	s-1	was	also	
noted,	underlining	the	effect	of	the	DMF	solvent	on	the	NW	shell	 interface	in	providing	 lower	trap	
density.	 As	 the	 transistor	 devices	 are	 identical,	 and	 the	 measurements	 correspond	 to	 different	
solvent	 treatments,	 the	 effect	 of	 the	 number	 of	 NWs	 in	 the	 transistor	 channel	 on	 the	 FET	
performance	 can	 be	 completely	 ruled	 out.	 The	 reduction	 of	 the	 hysteresis	 indicates	 the	 fast	
formation	 of	 the	 oxide	 shell	 when	 the	 NWs	 are	 exposed	 to	 DMF,	 providing	 stability	 to	 the	 FET	
performance.	The	device	in	this	experiment	was	then	exposed	to	ambient	conditions	for	1000	hours	
and	the	hysteresis	increased	only	marginally	by	0.6	V,	with	a	further	increase	in	the	device	mobility	
to	 9	 cm2	 V-1	 s-1,	 and	 in	 the	 output	 current	 (IOUT)	 to	 ≈5.8	 μA	 (Figure	 6.8,	 c,	 d)	 highlighting	 the	
passivation	 effect	 of	 DMF	 on	 the	 polyphenylsilane	 NW	 shell.	 A	 shift	 of	 the	 threshold	 voltage	 to	
positive	was	also	observed	(Figure	6.8,	c)	after	the	stability	test	 in	ambient	air,	 from	VTh=-9	to	-6V,	
verifying	the	passivation	of	the	NW	interface	and	the	reduction/elimination	of	a	number	of	occupied	
traps,	 which	 cause	 the	 screening	 of	 the	 gate	 electric	 field.	 DMA	 post-treated	 SiNWs	 were	 also	
investigated,	with	DMA	demonstrating	similar	results	to	DMF	(Figure	G3,	a,	b,	Appendix	G),	however,	
their	surface	analysis	needs	further	investigation.	
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Figure	 6.8	 -	 (a)	 Transfer	 and	 (b)	 output	 characteristics	 of	 bottom-gated	 FETs	 with	 SFLS-grown	 SiNWs.	 Devices	 were	
prepared	 using	 anisole,	 and	 then	 treated	 with	 DMF.	 Black	 curves	 correspond	 to	 FETs	 fabricated	 using	 only	 anisole	
solvent.	 Red	 curves	 correspond	 to	 the	 same	 devices	 that	 were	 later	 functionalised	 in	 DMF	 for	 10	 seconds	 and	 re-
measured.	 (c)	 Transfer	 and	 (d)	 output	 characteristic	 of	 the	 same	device	 after	 1000	 hours	 of	 exposure	 to	 ambient	 air	
environment.		
	
Also,	DMF	post-treated	CVD-grown	SiNWs	showed	similar	results	to	that	of	DMF	post-treated	SFLS-
grown	SiNWs,	with	<2	V	hysteresis	in	N2	environment,	further	demonstrating	the	passivation	effects	
of	DMF	for	different	types	of	NWs	(Figure	6.9,	b).	Based	on	a	statistical	analysis	of	10	samples,	an	
increase	in	device	mobility	(μ)	was	observed	(Figure	6.9,	a).	
	
	
	
	
	
	
	
	
(a)	 (b)	
(c)	 (d)	
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Figure	6.9	-	Statistical	analysis	of	the	increase	of	the	device	mobility	(μ)	of	bottom-gated	FET	devices	with	SFLS-grown	
SiNWs	dispersed	 in	anisole	and	then	treated	 in	DMF.	The	 increase	 in	the	device’s	mobility	(μ)	 is	attributed	to	the	NW	
shell	passivation	via	DMF	mild	oxidation.	The	device	No	10	data	is	shown	in	Figure	6.8.	(b)	Change	of	the	hysteresis	of	
CVD-grown	SiNW	FETs	after	dipped	in	DMF	for	10	seconds.	The	devices	were	measured	in	a	dry	N2-filled	glove	box.	
	
As	 a	 final	 step,	 bottom-gated	 SFLS-grown	 SiNW	 FET	 devices	were	 fabricated	 on	 plastic	 substrates	
(Kapton)	to	investigate	compatibility	of	DMF-passivation	for	plastic	electronic	devices.	The	NW	FETs	
with	 Parylene-N	 gate	 insulator	 (≈400	 nm	 thick)	 and	 DMF	 processed	 NWs	 demonstrated	 similar	
hysteresis	values	(≈2.5	V)	to	the	transistors	with	SiO2	dielectric.	The	best	performing	device	is	shown	
in	Figure	6.10.	To	conclude,	DMF	did	not	seem	to	affect	the	organic	gate	dielectric	or	the	substrate,	
highlights	its	applicability	in	plastic	electronics.	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	6.10	 -	Transfer	 characteristic	of	 the	best	performing	DMF-treated	SFLS-grown	SiNW	FET	device	 fabricated	on	a	
plastic	 substrate	 (Kapton),	 with	 Paryelene-N	 as	 a	 gate	 dielectric	 (measured	 in	 N2-filled	 glove	 box).	 The	 device	
demnstrated	hysteresis	of	≈2.5	V.	
(a)	 (b)	
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6.8 Concluding	Remark	and	Outlook	
In	summary,	 this	experiment	demonstrated	the	passivation	effect	of	DMF	solution	on	SiNW	shells,	
acting	 as	 a	mild	 oxidising	 agent	 and	 resulting	 in	 a	 drastically	 suppressed	NW	 FET	 hysteresis.	 This	
chemical	method	can	be	conducted	at	room	temperature,	making	it	compatible	with	the	fabrication	
of	 NW	 electronic	 devices	 on	 various	 substrates,	 including	 plastics.	 Bottom-gated	 FET	 devices	
fabricated	with	SFLS-grown	SiNWs	dispersed	in	DMF	exhibited	low	hysteresis,	on	average,	≈8	times	
lower	than	those	using	anisole	as	a	dispersant.	The	hysteresis	reduction	of	over	300	times	(from	32	
to	 0.1	 V)	 was	 demonstrated	 with	 near-zero	 hysteresis	 devices	 obtained	 with	 DMF-treated	 MPS	
SiNWs.	
DMF-treated	NWs	exhibited	a	one-to-two	orders	of	magnitude	trap-density	decrease	compared	to	
anisole-treated	 NWs,	 and	 an	 increase	 in	 device	 mobility.	 DMF-treated	 devices	 showed	
environmental	stability,	with	a	further	decrease	of	the	hysteresis	even	after	1000	hours	of	exposure	
-	as	opposed	to	the	anisole-treated	devices.	However,	a	sharp	 increase	 in	hysteresis	was	observed	
for	anisole-processed	NW	FETs	after	exposure	to	air.	In	addition,	CVD-grown	SiNW	FETs	exhibited	a	
reduction	of	hysteresis	when	post-treated	with	DMF,	demonstrating	the	passivation	effects	of	DMF	
as	seen	with	the	SFLS-grown	NWs.	The	applicability	of	DMF	passivation	might	be	extended	to	other	
types	 of	 materials	 containing	 oxide	 shells,	 however,	 it	 must	 be	 justified	 through	 experimental	
analysis	following	the	processes	of	this	chapter.		
Based	on	the	XPS	data,	a	significant	35%	 increase	of	SiO2	composition	of	 the	NW	shell	around	the	
core	 is	 demonstrated	 after	 DMF	 treatment,	 passivating	 the	 Si	 core.	 The	 dramatic	 reduction	 of	
hysteresis	 following	 the	 DMF	 processing	 indicates	 that	 the	 modified	 NW	 shell	 prevents	 the	
adsorption	of	water	molecules	on	the	surface	of	the	Si	core,	which	is	the	main	source	of	hysteresis.	
The	 shell-passivation	 of	 SiNWs	 with	 DMF	 considerably	 improves	 the	 fabrication	 of	 reliable	 and	
reproducible	 SiNW	 devices,	 as	 demonstrated	 with	 FET	 devices	 on	 rigid	 and	 plastic	 substrates,	
suitable	 for	 printed	 nanomaterial	 electronic	 applications.	 The	 NW	 passivation	 approach	 can	 be	
extended	to	other	NW	applications,	including	supercapacitors,	photovoltaics	and	photodiodes.	
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7	
Silicon	Nanowire	Field-Effect	
Transistor	Gas	Sensors	
	
7.1 Introduction	
This	chapter	demonstrates	the	application	of	functionalised	SiNW	FETs	as	gas	sensors,	towards	the	
selective	detection	of	benzene	vs.	other	BTEX	gases.	The	results	demonstrate	a	proof-of-concept:	a	
SiNW	 FET	 sensor,	 with	 receptors	 based	 on	 supramolecular	 systems	 (chemistry	 of	 non-covalent	
interactions),	 such	 as	 calix[4]arenes	 and	 resorcarenes	 that	 are	 capable	 of	 selectively	 detecting	
benzene	from	60	ppb	to	30	ppm	range,	at	room	temperature	and	normal	pressure	conditions.	In	this	
work,	 the	 gas-receptors	 are	 deposited	 on	 the	 surface	 of	 the	 pure	 oxide	 shell	 of	 the	 CVD-grown	
SiNWs	 using	 the	 method	 of	 spin-coating,	 suitable	 for	 printed	 and	 flexible	 electronics.	 Non-
functionalised	 (bare)	 SFLS-grown	 SiNWs	 also	 demonstrated	 low	 LoD	 and	 a	 high	 sensitivity	 and	
selectivity	 to	 benzene	 vapours	 from	 1	 to	 30	 ppm	 range,	 highlighting	 their	 sensing	 capabilities	
originating	from	the	polyphenylsilane	shell.	The	electrical	results	from	the	FET	sensor	underline	the	
effect	of	molecular	gating	on	the	FET	characteristics	and	their	physical	principles.	Based	on	the	FET	I-
V	 data,	 the	 calix[4]arene-funtionalised	 FET	 sensor	 exhibited	 a	 selective	 response	 to	 benzene.	 The	
receptor’s	response	to	benzene	was	also	investigated	via	1H-NMR	spectroscopy.	All	the	experimental	
results	are	discussed	in	detail	in	the	following	sections.		
	
7.2 Experimental	Set-Up	
The	 calix[4]arene-functionalised	 SiNW	 FETs	 were	 measured	 under	 controlled	 atmosphere	
conditions,	with	 a	 controlled	 level	 of	 BTEX	 vapours.	 The	 gas	 sensing	measurements	 from	 1	 to	 30	
ppm	were	 conducted	 in	 a	 glove	 box	 at	 the	 Advanced	 Technology	 Institute	 (University	 of	 Surrey),	
while	 the	 sub-ppm	 concentration	 (60	 to	 600	 ppb)	 measurements	 were	 conducted	 in	 a	 custom	
designed	gas	chamber	at	Alphasense	Ltd,	Essex,	UK.	The	terms	ppm	and	ppb	used	in	this	work	refer	
to	 the	 term	 ‘partial	pressure’.	 In	both	 cases,	dry	air	 (<0.1%	RLH)	was	used	as	a	 reference	gas	and	
mixture,	with	the	preferred	BTEX	vapour	at	various	concentrations.	Dry	air	with	<0.1%	RLH	was	used	
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to	increase	the	accuracy	of	the	sensor	due	to	the	interferants.	The	SiNW	FET	devices	remained	in	the	
reference	environment	(dry	air)	at	 least	24	hours	before	conducting	the	sensing	measurements,	as	
part	 of	 their	 signal	 conditioning	 processes	 (recovery	 stage),	 allowing	 the	 threshold	 voltage	 to	
stabilise.	
The	apparatus	used	for	the	gas	sensing	measurements,	which	were	conducted	in	a	glove	box	filled	
with	dry	air	(<0.1%	RLH),	is	shown	in	Figure	7.1.	Before	the	exposure	of	the	transducer	(SiNW	FET)	to	
the	preferred	gas,	a	reference	measurement	(baseline)	was	obtained	in	dry	air.	The	SiNW	FET	sensor	
was	measured,	using	a	semiconductor	analyser	(Keithley	4200	SCS),	10	minutes	after	the	preferred	
BTEX	gas	concentration	was	obtained.	The	analyte	concentration	was	controlled	in	the	glove	box	at	
1	 to	 30	 ppm	 level	 through	 liquid	 evaporation,	 at	 the	 specific	 boiling	 point	 of	 each	 gas	
(Benzene=80.1°C,	 Toluene=110.6°C,	 Ethylbenzene=136.2°C,	 Xylene=138.4°C).	 The	 sensing	
measurements	were	extracted	at	low	operating	voltage	regions	i.e.	VG	up	to	-30	V	and	VSD	1.5-2.5	V.	
Only	 one	 type	 of	 BTEX	 gas	 was	 tested	 in	 each	 experimental	 run.	 The	 gas	 concentration	 was	
measured	 using	 an	 industrial	 PID	 sensor	 (PID	 AH),	 provided	 by	 Alphasense	 Ltd.,	 covering	 a	 broad	
range	of	VOCs,	including	BTEX.	An	oscilloscope	(Tektronix	TDS	2014)	was	used	for	monitoring	the	PID	
sensor	output	 to	evaluate	 the	BTEX	gas	concentration	 in	 the	glove	box.	The	 recovery	of	 the	SiNW	
FET	sensor	was	obtained	after	the	glove	box	was	purged	and	refreshed	with	dry	air	(<0.1%	RLH).	The	
purging	process	lasted	≈5	hours	for	all	BTEX	vapours.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	7.1	–	A	glove	box	used	as	a	gas	chamber	for	the	gas	sensing	measurements	used	in	this	work.	
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Figure	 7.2	 –	 (a)	 Custom	 designed	 gas	 chamber	 used	 for	 the	 sub-ppm	 gas	 sensing	measurements	 at	 Alphasense	 Ltd.,	
Essex,	UK.	(b)	FET	surface-mount	sensing	platform	specifically	designed	for	the	gas	chamber	shown	in	(a).	The	voltage	
supply	for	the	platform	was	provided	at	the	backplane	via	a	Molex	connector.		
	
The	 apparatus	 used	 for	 the	 gas	 sensing	 measurements,	 conducted	 in	 a	 custom	 designed	 gas	
chamber	at	Alphasense	Ltd.,	 is	shown	 in	Figure	7.2.	For	this	experiment,	 the	chem-FET	device	was	
mounted	 on	 a	 printed	 circuit	 board	 with	 VIAs	 (Vertical	 Interconnection	 Access)	 and	 electrical	
connectors	custom	designed	to	fit	into	the	gas	chamber.	The	SiNW	FET	sensor	was	measured	using	a	
semiconductor	 analyser	 (Keysight	 B2902A)	 in	 several	 stages,	 10	 minutes	 after	 the	 benzene	 gas	
concentration	was	obtained	 (from	60	 to	600	ppb).	 The	 sensing	measurements	were	 conducted	at	
low	 operating	 voltage	 regions	 i.e.	 VG	 up	 to	 -30	 V	 and	 VSD	 1.5-2.5	 V.	 The	 gas	 concentration	 was	
measured	and	monitored	using	Alphasense’s	 close-loop	control	 system.	The	 recovery	of	 the	SiNW	
FET	sensor	was	obtained	after	the	gas	chamber	was	purged	and	refreshed	with	dry	air	(<0.1%	RLH).		
	
7.3 Electrical	Measurements	of	Calix[4]arene-Functionalised	Chem-FETs	
In	this	work,	CVD-grown	SiNWs	(provided	by	NIST)	were	used	for	the	fabrication	of	the	chem-FETs.	
The	deposition	of	 the	SiNWs	was	conducted	using	 the	method	of	DEP,	at	a	signal	 frequency	of	20	
MHz	and	10	Vpp	voltage	(see	section	3.8.1).	Since	a	single	SiNW	does	not	have	sufficient	surface	area	
for	 receptor	 funcionalisation	 and	 has	 a	 relatively	 low	 current,	 a	 NW-array	was	 deposited	 via	DEP	
with	 ≈200	 NWs	 in	 the	 FET	 channel	 area.	 Also,	 the	 deposition	 of	 multiple	 SiNWs	 across	 the	 s/d	
electrodes	 enhances	 the	 signal	 and	 increases	 the	 number	 of	 binding	 sites.	 The	 photolithographic	
technique	 (lift-off)	was	 used	 for	 defining	 the	 s/d	 electrodes	 of	 the	 FET	 device	 (channel	 gap	 of	 10	
μm).	The	device	fabrication	is	discussed	in	more	detail	in	section	3.5.1.	Spin-coating	was	used	for	the	
deposition	 of	 the	 calix[4]arenes,	 as	 discussed	 in	 section	 3.9.	 The	 chemical	 structure	 of	 the	
calix[4]arenes	is	discussed	in	detail	in	section	4.6.1.	It	is	anticipated	that	the	lower	(hydrophilic)	rim	
of	the	calix	is	bonded	to	the	NW’s	native	shell	through	weak	hydrogen	bonding	interactions.	In	total,	
ten	 devices	 were	 fabricated	 and	 tested,	 and	 the	 best	 working	 device	 is	 shown	 in	 this	 section.	 A	
schematic	representation	of	a	bottom-gated	SiNW	FET	used	in	this	work	is	shown	in	Figure	7.3.	
Gas	Flow	In 
Gas	F
low	O
ut 
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Figure	7.3	–	A	conceptual	illustration	of	a	bottom-gated	SiNW	FET	sensor	used	in	this	work.	The	receptors	are	attached	
on	top	of	 the	SiNW,	offering	the	binding	sites	 for	 the	guest	molecules.	 ‘Gas	A’	and	 ‘Gas	B’	were	used	to	conceptually	
represent	two	different	gases	in	a	chemical	environment	with	the	FET	sensor	being	able	to	selectively	sense	only	‘Gas	A’.		
	
The	sensing	response	of	the	SiNW	chem-FET	to	BTEX	vapours,	with	respect	to	its	reference	state	(dry	
air	environment	under	<0.1%	RLH	with	sub-ppm	of	BTEX	vapours	which	are	below	PID’s	detection	
limit),	was	 examined	 in	 terms	of	 threshold	 shift	 (ΔVTh).	 The	working	 principle	 of	 the	 gas	 sensor	 is	
discussed	 in	 section	2.5.3.	The	 shift	of	 the	 threshold	voltage	 (VTh)	was	 the	most	 crucial	parameter	
and	main	sensing	metric	of	this	application	[1].	However,	mobility	(μ),	sub-threshold	swing	(s-s)	and	
on-current	(ION)	were	also	investigated.	For	more	details	about	the	extractions	of	the	FET	parameters	
see	section	2.4.4.	All	the	BTEX	VOCs,	before	and	after	NW	functionalisation,	were	measured	with	the	
same	chem-FET	device	to	ensure	consistency	of	the	measruements.	
Figure	7.4	shows	the	linear	representation	of	s/d	current	(ID)	vs.	gate	voltage	(VG)	characteristics	of	
the	SiNW	FET	during	an	exposure	 cycle	of	1	 to	30	ppm	 to	 toluene,	 in	dry	air	 environment	 (<0.1%	
RLH).	A	more	detailed	presentation	of	VTh	for	the	BTEX	vapours	is	shown	in	Figure	7.5.	The	ID	values	
were	obtained	upon	exposure	to	reference	dry	air	and	BTEX	vapours	at	VG	+10	to	-40	V	and	VD	-1.5	
V.	 A	 ‘negative’	 shift	 of	 the	 threshold	 voltage	 (VTh)	 of	 the	 functionalised	 SiNW	 FET	 was	 observed	
under	the	exposure	of	all	BTEX	vapours	(i.e.	 it	shifts	to	more	negative	values	upon	exposure	to	the	
analyte).	However,	the	degree	of	ΔVTh	was	higher	for	benzene	when	compared	to	the	other	vapours	
of	the	BTEX	family.	All	VOC	gases	exhibited	a	‘negative’	shift	of	the	threshold	voltage	at	all	applied	
concentrations.	The	change	of	the	threshold	voltage	(ΔVTh)	was	analysed	and	calculated	according	to	
Equation	2.10.	Further	discussion	of	the	results	is	provided	in	the	next	section	(7.3.1).		
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Figure	7.4	–	A	typical	set	of	the	ID	vs.	VG	(linear)	measurements	of	CVD-grown	SiNWs	functionalised	with	calix[4]arenes	
exposed	to	dry	air	(refeence)	and	toluene	vapour	from	1	to	30	ppm.	
Figure	 7.5	 –	 ID	 vs.	 VG	 (linear	 regime	 characteristics)	 measurements	 of	 CVD-grown	 SiNWs	 functionalised	 with	
calix[4]arenes	exposed	to	dry	air	(reference)	and	(a)	benzene,	(b)	toluene,	(c)	ethylbenzene	and	(d)	xylene	vapours	from	
1	to	30	ppm.		
(a)	 (b)	
(c)	 (d)	
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7.3.1 Proposed	Sensing	Mechanism	and	Analysis	of	Calix[4]arene-Functionalised	Chem-FETs	
In	order	to	investigate	the	response	of	the	functionalised	SiNW	FETs,	the	gas	sensing	performance	of	
all	gases	(BTEX)	shown	in	Figure	7.5	was	summarised,	as	shown	in	Figure	7.6	(a).	The	trapped	BTEX	
gas	 molecules	 on	 the	 calix[4]arene-functionalised	 SiNWs	 induce	 the	 transducer’s	 turn-on	 voltage	
shift	(ΔVTh).	 In	other	words,	the	gas	molecules	increase	the	electrical	resistance	of	the	SiNWs	upon	
exposure	to	the	analyte	and	as	a	result	the	necessary	threshold	voltage	(VTh)	for	turning	on	the	FET	
increases.	The	cavity	of	the	calix[4]arene	receptors	binds	the	BTEX	molecules	through	non-covalent	
van	der	Waals	interactions,	which	in	turn	trigger	an	electrostatic	effect	in	the	SiNW	area	[2,	3].	These	
electrostatic	effects	 influence	the	density	of	charge-carriers	 in	the	SiNW	resulting	 in	the	change	of	
conductivity	(change	in	ION),	which	shifts	the	threshold	voltage	(VTh).	The	shift	of	the	threshold	in	this	
experiment	 was	 dependent	 on	 the	 type	 of	 the	 VOC	 gas.	 It	 is	 clearly	 shown	 that	 the	 chem-FET	
exhibited	 the	highest	 response	 in	 terms	of	ΔVTh	when	exposed	 to	benzene	vapours	as	opposed	 to	
the	other	gases	(see	Table	7.1).	In	particular,	the	chem-FET	showed	the	largest	ΔVTh	(0.61	±	0.04	V)	
when	exposed	to	benzene	at	30	ppm,	with	the	lowest	shift	when	exposed	to	xylene	(0.22	±	0.03	V).	
Using	the	Langmuir	adsorption	isotherm	both	sensitivity	and	LoD	of	benzene	were	evaluated	[4].	The	
sensitivity	 of	 calix[4]arene-functionalised	 chem-FET	 to	 benzene	 was	 4.4	 V/ppm	 and	 LoD	 was	 170	
ppb.	A	detailed	analysis	of	Langmuir	adsorption	isotherm	is	given	in	Appendix	I,	Figure	I1	(a,	b).	The	
magnitude	of	the	VTh	for	all	gases	was	also	proportional	to	the	gas	concentration	(ppm)	-	the	greater	
the	 concentration	 of	 BTEX	 gas	 molecules	 present	 on	 the	 SiNW’s	 surface,	 the	 greater	 the	 VTh.	
Furthermore,	the	chem-FET	sensor	recovered	when	exposed	to	dry	air	(<0.1%	RLH),	as	seen	in	Table	
7.1.	 The	 recovery	 lasted	 for	 ≈5	 hours	 due	 to	 the	 large	 volume	 of	 the	 glove	 box.	 Benzene	 and	
ethylbenzene	 showed	 a	 marginally	 ‘negative’	 shift	 in	 the	 recovery	 with	 respect	 to	 the	 reference	
point.	 The	 difference	 in	 the	 reference-recovery	 values	 can	 be	 explained	 in	 terms	 of	 the	 residual	
amount	 of	 benzene/ethylbenzene	 left	 in	 the	 film.	 Both	 toluene	 and	 xylene	 showed	 a	 marginally	
‘positive’	shift	(i.e.	shift	to	more	positive	values	upon	exposure	to	the	analyte)	in	the	recovery	with	
respect	 to	 the	 reference	point,	which	 is	attributed	 to	 the	 full	 recovery	of	 the	charged-traps	 in	 the	
SiNW.	 The	 ID	 vs.	 VG	 (linear)	 characteristics	 of	 the	 chem-FETs	 recovery	 are	 shown	 in	 Figure	 H2,	
Appendix	 H.	 The	 same	 device	 was	 re-measured	 under	 the	 same	 conditions	 (BTEX,	 1-30	 ppm),	
however,	it	exhibited	a	marginal	selectivity	to	benzene	when	compared	to	toluene	and	xylene,	with	
ethylbenzene	showing	the	lowest	interactions	(Figure	H3,	Appendix	H).		
	
	
	
	
Chapter	7																																																																						Silicon	Nanowire	Field-Effect	Transistor	Gas	Sensors	
	
	 179	
	
Figure	7.6	–	ΔVTh	of	a	(a)	calix[4]arene-functionalised	and	(b)	unfunctionalised	(bare)	CVD-grown	SiNW	FET	sensor	during	
exposure	to	BTEX	vapours	from	1	to	30	ppm,	in	5	ppm	steps.	Measurements	were	taken	in	10-minute	intervals	after	the	
preferred	BTEX	concentration	was	obtained.		
	
Table	7.1	–	Calculated	ΔVTh	of	the	calix[4]arene-functionalised	CVD-grown	SiNW	FET	shown	in	Figure	7.6	(a).	
Gas	concentration	
(ppm)	
Benzene	
(C6H6)	
Toluene	
(C7H8)	
Ethylbenzene	
(C8H10)	
Xylene	
(C8H10)	
ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	
1	 0.12	 0.08	 -0.04	 0.01	
5	 0.31	 0.13	 0.13	 0.06	
10	 0.39	 0.28	 0.26	 0.18	
15	 0.49	 0.25	 0.22	 0.24	
20	 0.50	 0.25	 0.35	 0.22	
25	 0.57	 0.37	 0.33	 0.19	
30	 0.61	 0.25	 0.40	 0.22	
Recovery	 0.08	 -0.31	 0.07	 -0.41	
	
A	 straight	 comparison	 between	 functionalised	 and	 unfunctionalised	 (bare)	 SiNW	 FETs	 was	 also	
drawn.	 The	 same	 device	 was	measured	 before	 receptor	 functionalisation.	 Figure	 7.6	 (b)	 shows	 a	
summarised	performance	of	the	bare	SiNW	FET	exposed	to	BTEX	vapours	from	1	to	30	ppm	(Table	
H1,	 Appendix	 H).	 The	 response	 of	 bare	 SiNWs	 at	 various	 concentrations	 does	 not	 show	 any	
dependence	 on	 the	 amount	 of	 analyte,	 highlighting	 their	 lack	 of	 selectivity	 to	 VOCs.	 Thus,	
calix[4]arene-modified	SiNW	FETs	undoubtedly	exhibit	molecular	recognition	and	selectivity.	Lastly,	
the	calix[4]arene-functionalised	SiNW	FET	was	measured	in	dry	air	environment	(<0.1%	RLH)	every	
(a)	 (b)	
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10	minutes	 in	order	 to	quantify	 the	ΔVTh	 in	 the	absence	of	BTEX	vapours	 (Figure	7.7).	A	negligible	
and	non-consistent	shift	in	the	threshold	voltage	was	observed,	mainly	originating	from	the	surface	
trap	states	of	the	SiNW.	Moreover,	the	response	of	the	bare	SiNW	FET	in	dry	air	environment	(<0.1%	
RLH)	 is	 shown	 in	 Figure	H4,	Appendix	H.	 The	 results	 conclude	 that	 the	ΔVTh	 seen	 in	 Figure	7.6	 (a)	
originates	from	the	dynamic	host-guest	interactions	of	calix[4]arenes	with	the	BTEX	vapours.		
	
	
	
	
	
	
	
	
	
	
	
	
Figure	7.7	-	ΔVTH	of	calix[4]arene-functionalised	CVD-grown	SiNW	FET	sensor	exposed	to	pure	dry	air	conditions	under	
<0.1%	RLH	–	measurements	were	 taken	 every	 10	minutes.	 Before	measurement,	 the	 sample	 remained	 in	 the	dry	 air	
environment	for	24	hours	(sensor	conditioning).		
	
During	the	adsorption	process,	the	physiochemical	properties	of	the	calix[4]arenes	experience	both	
structural	 and	 electrical	 changes	 [5].	 The	 magnitude	 of	 these	 interactions	 (host-guest	 chemical	
reactions)	 indicate	 the	 effectiveness	 of	 the	 calix[4]arene	when	 combined	with	 the	 targeted	 guest	
molecule	and	its	ability	to	discriminate	specific	VOCs,	as	observed	with	benzene	vapours	(Figure	7.4,	
a	and	Table	7.1).	 It	 is	worth	noting	 that	benzene	 is	 the	 smallest	molecule	of	 the	BTEX	 family	with	
dimensions	 0.74	 nm	 x	 0.67	 nm	 x	 0.37	 nm	 [6].	 When	 the	 chem-FET	 was	 exposed	 to	 benzene	
molecules,	 it	exhibited	the	highest	response	mainly	due	to	the	symmetry	of	the	benzene	molecule	
(diameter=1.54	Å	[7]),	which	fits	into	the	cavity	of	the	caix[4]arene	crown	(upper	rim	diameter=1-2	
nm	[8]).	The	size	of	the	analyte	determines	how	deep	it	can	settle	in	the	calix[4]arene	cavity,	and	the	
analyte-host	chemistry	(physic-chemical	properties)	determines	the	adsorption	behaviour	and	how	
the	 benzene	 molecule	 becomes	 confined	 in	 the	 cavity	 [6].	 Also,	 benzene	 molecules	 have	 higher	
kinetic	 response	 (they	 are	 more	 mobile)	 and	 penetrate	 easily	 into	 the	 calix[4]arene	 film,	 which	
enhances	 the	 sensitivity	 of	 the	 chem-FET	 [5].	 The	 binding	 interactions	 of	 the	 BTEX	 vapours	 are	
discussed	in	section	7.6.	
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Lower	sensitivity	was	observed	for	toluene	and	ethylbenzene,	with	the	weakest	 interaction	shown	
with	xylene	(Figure	7.6,	a	and	Table	7.1).	 It	 is	suggested	that	the	large	size	molecules	cannot	easily	
enter	 the	 cavity	 of	 the	 calix[4]arene,	 leading	 to	 a	 weaker	 response.	 However,	 the	 magnitude	 of	
response	observed	 is	attributed	 to	 the	methyl	groups	 that	contribute	 to	 the	molecular	 interaction	
between	the	host	and	guest	(not	evident	in	benzene).		
	
	
	
	
	
	
	
	
Figure	7.8	–	(a)	mobility	(μ),	(b)	on-current	(ION)	and	(c)	sub-threshold	swing	(s-s)	of	the	calix[4]arene-functionalised	CVD-
grown	SiNW	FET	sensor	on	exposure	to	BTEX	vapours	from	1	to	30	ppm,	in	5	ppm	steps.	Measurements	were	taken	in	
10-minute	time	intervals	after	the	preferred	BTEX	concentration	was	obtained.	
	
The	response	of	the	calix[4]arene-functionalised	SiNW	FET	sensor	in	terms	of	hole-mobility	(μ),	on-
current	 (ION),	 and	 sub-threshold	 swing	 (s-s)	 were	 extracted	 from	 the	 I-V	 curves	 and	 plotted	 as	 a	
function	of	gas	concentration	 (ppm),	as	shown	 in	Figure	7.8	 (a-c).	The	change	of	 the	hole	mobility	
(Δμ)	with	respect	to	its	reference	state	(dry	air	environment	under	<0.1%	RLH	with	sub-ppm	of	BTEX	
vapours	which	are	below	PID’s	detection	limit),	was	analysed	and	calculated	according	the	following	
relationship:	
	
Equation	7.1	 	 	 Δµ = µreference-µsensing	 	 (cm2	V-1	s-1)	
(a)	 (b)	
(c)	
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where,	μreference	and	μsensing	are	the	hole	mobility	values	before	and	after	sensing,	respectively.	
As	shown	in	Figure	7.8	(a),	all	VOCs	exhibited	a	negative	response	to	the	hole-mobility	relative	to	the	
reference	signal	 (dry	air).	The	strongest	response	was	shown	by	xylene,	followed	by	ethylbenzene,	
benzene	 and	 toluene.	 Fluctuations	 of	 the	mobility	 values	with	 respect	 to	 gas	 concentration	were	
observed	for	both	benzene	and	toluene.	Concluding,	 the	change	of	 the	mobility	 (Δμ)	was	not	very	
systematic	vs.	the	change	of	the	BTEX	concentration	in	ppm.		
The	on-current	(ION)	response	(extracted	at	VG=-30	V)	of	BTEX	was	also	evaluated,	as	shown	in	Figure	
7.8	 (b).	The	change	of	 the	on-current	 (ION)	with	respect	 to	 its	 reference	state	 (dry	air	environment	
under	<0.1%	RLH	with	sub-ppm	of	BTEX	vapours	which	are	below	PID’s	detection	limit)	was	analysed	
and	calculated	according	to	the	following	relationship:	
	
Equation	7.2	 	 	 ΔION=ION_reference-ION_sensing	 (A)	
	
where,	 ION_reference	 and	 ION_sensing	 are	 the	 hole	 current	 in	 the	 on-state	 values	 (extracted	 at	 VG=-30	V)	
before	and	after	sensing.	
All	 BTEX	 gases	 induced	 a	 marginal	 change	 of	 the	 on-current	 (ION)	 on	 the	 chem-FET	 with	
ethylbenzene,	 benzene	 and	 xylene	 exhibiting	 the	 strongest	 interactions.	 Benzene	 showed	 the	
weakest	interaction	in	terms	of	ION	compared	to	the	other	gases.	Despite	the	very	low	polarity	of	the	
BTEX	VOCs	(with	benzene	having	0	polarity),	a	change	was	observed	in	both	ION	and	μ	under	chem-
FET	exposure	at	all	concentrations.	The	changes	in	both	μ	and	ION	verify	the	change	of	the	electrical	
properties	 of	 the	 calix[4]arenes	 under	 exposure	 to	 non-polar	 gases	 (i.e.	 benzene),	 causing	
electrostatic	 interaction	on	the	surface	of	 the	SiNWs.	Both	mobility	and	on-current	did	not	exhibit	
any	clear	reliance	on	the	calix[4]arene-functionalised	SiNW	chem-FET.	
A	clear	explanation	of	the	change	of	the	sub-threshold	swing	(s-s)	could	not	be	evaluated	because	of	
the	large	deviation	of	the	signals	(Figure	7.8,	c).		
These	results	highlight	that	the	threshold	shift	(ΔVTh)	 is	the	most	crucial	and	reliable	parameter	for	
the	analysis	of	NW-based	FET	sensors.	
	
7.4 Electrical	Measurements	of	Resorcarene-Functionalised	Chem-FETs	
As	discussed	 in	 section	7.3,	 the	 same	experimental	approach	was	carried	out	 for	 the	 resorcarene-
functionalised	CVD-grown	SiNW	FETs.	A	NW-array	was	deposited	via	DEP	with	≈300	NWs	crossing	
the	FET	channel	area.	
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Figure	7.9	–	ΔVTh	of	a	resorcarene-functionalised	CVD-grown	SiNW	FET	sensor	during	exposure	to	BTEX	vapours	from	1	
to	 30	 ppm,	 in	 5	 ppm	 steps.	 Measurements	 were	 taken	 in	 10-minute	 time	 intervals	 after	 the	 preferred	 BTEX	
concentration	was	obtained.		
	
Table	7.2	–	Calculated	ΔVTh	of	the	resorcarene-functionalised	CVD-grown	SiNW	FET	shown	in	Figure	7.9.	
Gas	concentration	
(ppm)	
Benzene	
(C6H6)	
Toluene	
(C7H8)	
Ethylbenzene	
(C8H10)	
Xylene	
(C8H10)	
ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	
1	 0.90	 0.52	 0.90	 0.66	
5	 1.31	 0.57	 0.85	 0.361	
10	 1.63	 0.66	 0.98	 0.97	
15	 1.53	 0.66	 1.09	 0.61	
20	 1.79	 0.92	 0.85	 0.61	
25	 1.80	 0.56	 0.88	 0.68	
30	 1.81	 0.63	 0.98	 0.73	
Recovery	 1.03	 0.09	 0.49	 -0.02	
	
The	sensing	response	of	the	SiNW	chem-FET	to	BTEX	vapours	with	respect	to	its	reference	state	(dry	
air	environment	under	<0.1%	RLH	with	sub-ppm	of	BTEX	vapours	which	are	below	PID’s	detection	
limit)	was	examined	in	terms	of	threshold	shift	(ΔVTh),	as	shown	in	Figure	7.9	and	Table	7.2.	The	I-V	
characteristics	values	were	measured	upon	exposure	to	BTEX	vapours	at	VG	+10	to	-40	V	and	VD	-1.5	
V.	The	ID	vs.	VG	characteristics	corresponding	to	Figure	7.9	data	are	shown	in	Figure	H5,	Appendix	H.	
It	is	expected	that	the	same	sensing	mechanism	seen	on	calix[4]arenes	is	applicable	to	resorcarenes.	
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As	shown	in	Figure	7.9,	benzene	exhibited	the	highest	degree	of	response	compared	to	the	rest	of	
the	 gases	 of	 the	 BTEX	 family.	 The	 resorcarenes	 showed	 a	marginal	 discrimination	 to	 toluene	 and	
ethylbenzene,	with	a	 slightly	higher	 response	 to	 xylene.	As	discussed	 in	 section	3.1,	 it	 is	 expected	
that	 the	 same	 principle	 of	 operation	 is	 applicable	 to	 resorcarene	molecules	 i.e.	 the	 cavity	 of	 the	
resorcarenes	binds	the	BTEX	molecules	 through	non-covalent	van	der	Waals	 interactions,	which	 in	
turn	triggers	an	electrostatic	effect	in	the	SiNW	area.	Therefore,	a	shift	in	the	threshold	voltage	(VTh)	
is	observed.		
The	sensor	did	not	 fully	 recover	when	exposed	to	dry	air	conditions	 (<0.1%	RLH),	as	seen	 in	Table	
7.2,	therefore	it	is	assumed	that	a	residual	amount	of	BTEX	vapours	was	left	in	the	resorcarene	film.	
The	 recovery	 lasted	 for	 ≈5	 hours	 due	 to	 the	 large	 volume	 of	 the	 glove	 box.	 The	 ID	 vs.	 VG	 (linear)	
characteristics	of	the	chem-FETs	recovery	are	shown	in	Figure	H6,	Appendix	H.		
Comparing	 both	 calix[4]arene	 (Figure	 7.6,	 a)	 and	 resorcarene	 (Figure	 7.9)	 interactions	 with	 BTEX	
vapours,	 it	 is	 clear	 that	 resorcarenes	 exhibited	 the	 highest	 selectivity	 and	 sensitivity	 to	 benzene.	
Therefore,	 a	 resorcarene-functionalised	 SiNW	 FET	 sensor	 was	 exposed	 to	 sub-ppm	 of	 benzene	
vapours,	 as	 shown	 in	 Figure	 7.10.	 	 The	 chem-FET	 was	 measured	 10	 minutes	 after	 the	 preferred	
benzene	concentration	was	obtained.	Four	different	gas	concentrations	were	examined	(60	ppb,	150	
ppb,	300	ppb,	600	ppb).	The	recovery	of	the	SiNW	FET	sensor	was	obtained	after	the	gas	chamber	
was	purged	and	refreshed	with	dry	air	(<0.1%	RLH).	The	purging	process	lasted	for	3	hours	at	room	
temperature	conditions.		
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	7.10	–	ΔVTh	of	a	resorcarene-functionalised	CVD-grown	SiNW	FET	sensor	during	exposure	to	benzene	from	60	to	
600	 ppb.	 Measurements	 were	 taken	 in	 10-minute	 time	 intervals	 after	 the	 preferred	 benzene	 concentration	 was	
obtained.	The	measurements	were	conducted	in	a	custom	designed	gas	chamber	at	Alphasense	Ltd.,	Essex,	UK.		
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Table	7.4	–	Calculated	ΔVTh	of	the	resorcarene-functionalised	CVD-grown	SiNW	FET	shown	in	Figure	7.10.	
Gas	concentration	(ppb)	
Benzene	(C6H6)	
ΔVTH	(V)	
60	 0.024	
150	 0.259	
300	 0.485	
600	 0.496	
Recovery	 0.382	
	
Figure	7.10	shows	the	interaction	of	resorcarenes	with	benzene	at	sub-ppm	gas	concentration.	Apart	
from	the	low	gas	concentration,	the	sensor	showed	a	linear	response	to	benzene	from	60	to	300	ppb	
before	stabilising	 its	response	at	600	ppb.	Using	the	Langmuir	adsorption	isotherm	both	sensitivity	
and	LoD	of	benzene	were	evaluated	 [4].	The	sensitivity	of	 resorcarene-functionalised	chem-FET	 to	
benzene	was	4.2	V/ppm	and	LoD	was	60	ppb.		A	detailed	analysis	of	Langmuir	adsorption	isotherm	is	
given	 in	 Appendix	 I,	 Figure	 I2	 (a,	 b).	 However,	 the	 sensor	 did	 not	 fully	 recover	 after	 the	 3-hour	
purging	 process	 (Table	 7.4).	 The	 current	 results	 highlight	 the	 potential	 of	 using	 supramolecular	
systems	at	 sub-ppm	gas	concentrations,	however,	 further	 investigation	needs	 to	be	conducted	 for	
the	sensor’s	full	applicability.		
	
7.5 Electrical	Measurements	of	SFLS-grown	SiNW	Chem-FETs	
The	response	of	non-functionalised	(bare)	SFLS-grown	MPS	SiNW	FETs	was	also	investigated	in	BTEX	
vapours	with	respect	to	its	reference	state	(dry	air	environment	under	<0.1%	RLH	with	sub-ppm	of	
BTEX	vapours	which	are	below	PID’s	detection	limit).	The	same	experimental	approach	was	carried	
out	as	discussed	 in	sections	7.3	and	7.4.	 In	 the	 first	 test	 (Figure	7.11,	a),	 the	SFLS	SiNWs	were	not	
functionalised	 with	 gas	 receptors,	 but	 instead	 their	 polyphenylsilane	 shell	 featured	 the	 sensing	
functions.	 In	the	second	test,	SiNW	FETs	were	functionalised	with	calix[4]arenes	(Figure	7.11,	b).	A	
NW-array	was	 deposited	via	DEP	with	 ≈200	 crossing	 the	 FET	 channel	 area.	 The	 I-V	 characteristics	
were	obtained	upon	exposure	to	BTEX	vapours	at	VG	+10	to	-40	V	and	VD	-1.5	V.	
The	chem-FET	shown	in	Figure	7.11	(a)	exhibited	high	sensitivity	and	selectivity	to	benzene	vapours	
from	1	to	30	ppm	(Table	7.5).	The	sensitivity	and	LoD	to	benzene	vapours	were	also	evaluated	using	
the	Langmuir	adsorption	 isotherm	[4].	The	sensitivity	of	SFLS-grown	chem-FET	to	benzene	was	4.6	
V/ppm	 and	 LoD	 was	 180	 ppb.	 	 A	 detailed	 analysis	 of	 Langmuir	 adsorption	 isotherm	 is	 given	 in	
Appendix	 I,	 Figure	 I3	 (a,	 b).	 It	 is	 anticipated	 that	 the	 NW’s	 polyphenylsilane	 shell	 interacts	 with	
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benzene	 vapours,	 although	 the	 exact	 sensing	 mechanism	 needs	 further	 investigation	 due	 to	 the	
complex	 chemical	 composition	 of	 the	 SFLS-grown	 SiNW	 shell.	 The	 same	 device	 was	 coated	 with	
calix[4]arenes	and	re-tested	under	the	same	conditions	 for	BTEX	vapours.	A	very	 low	sensitivity	 to	
benzene	 vapours	 was	 measured	 at	 all	 concentrations,	 whereas	 toluene	 and	 xylene	 showed	 the	
highest	 response.	 It	 is	 speculated	 that	 the	 randomly	 deposited	 gas	 receptors	 ‘block’	 the	 shell’s	
surface	 sensing	 area,	which	 interacts	with	 the	 benzene	 vapours.	 In	 addition,	 the	mechanism	with	
which	the	lower	rim	of	the	calix	is	bonded	to	the	NW’s	shell,	needs	further	investigation.	
A	 second	 device,	 shown	 in	 Figure	H7,	 Appendix	H,	was	 also	measured	 under	 BTEX	 exposure,	 and	
showed	the	same	degree	of	selectivity	to	both	benzene	and	toluene,	with	ethylbenzene	and	xylene	
showing	less	response.	The	low	reproducibility	of	the	selective	response	to	benzene	is	attributed	to	
the	complex	chemical	composition	and	variation	in	thickness	of	the	SFLS-grown	SiNW	shell.		
Figure	 7.11	 –	 ΔVTh	 of	 a	 (a)	 non-functionalised	 (bare)	 and	 (b)	 calix[4]arene-functionalised	 SFLS-grown	MPS	 SiNW	 FET	
sensor	during	exposure	to	BTEX	from	5	to	30	ppb,	in	5	ppm	steps.	Measurements	were	taken	in	10-minute	time	intervals	
after	the	preferred	BTEX	concentration	was	obtained.	
	
Table	7.5	–	Calculated	ΔVTh	of	the	non-functionalised	(bare)	SFLS-grown	SiNW	FET	shown	in	Figure	7.11	(a).	
Gas	concentration	
(ppm)	
Benzene	
(C6H6)	
Toluene	
(C7H8)	
Ethylbenzene	
(C8H10)	
Xylene	
(C8H10)	
ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	
5	 1.50	 0.63	 0.24	 0.53	
10	 1.96	 0.73	 0.39	 0.59	
15	 2.16	 0.81	 0.36	 0.65	
20	 2.27	 0.77	 0.46	 0.65	
25	 2.34	 0.79	 0.49	 0.70	
30	 2.72	 0.72	 0.489	 0.72	
Recovery	 2.47	 -0.89	 0.23	 -1.19	
(a)	 (b)	
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7.6 Study	of	Binding	Interactions	of	Calix[4]arene	with	BTEX	Liquids	
The	binding	 interactions	of	 calix[4]arene	 (Figure	7.12)	with	BTEX	molecules	was	 investigated	upon	
interaction	 with	 BTEX	 liquids,	 using	 1H-NMR	 spectroscopy	 (proton-Nuclear	 Magnetic	 Resonance).	
The	 principle	 of	 operation	 of	 1H-NMR	 is	 described	 in	 section	 4.6.1.	 The	 NMR	 experiment	 was	
performed	 by	 Nawal	 Al	 Hakawati	 at	 the	 Chemistry	 Department,	 University	 of	 Surrey,	 Surrey,	 UK,	
using	a	Bruker	AC-300E	pulsed	Fourier	transform	NMR	spectrometer.	
	
	
	
	
	
	
	
Figure	7.12	–	Chemical	structure	of	the	calix[4]arene	used	in	this	work.		
	
Figure	7.12	shows	the	chemical	structure	of	the	calix[4]arene	with	the	H	bonds	being	labelled	(1,	2,	
3,	 4).	 The	 characterisation	 of	 the	 calix[4]arene	 structure	 is	 also	 discussed	 in	 section	 4.6.1.	 The	
chemical	 shifts	 of	 calix[4]arene	 interactions	 of	 BTEX	with	 respect	 to	 chloroform	 is	 shown	 in	 Table	
7.6.	 Chloroform	 was	 used	 as	 the	 reference	 solvent	 to	 characterise	 the	 structure	 of	 the	
calix[4]arenes.	The	NMR	spectrum	for	BTEX	liquids	is	shown	in	Figure	7.13.	
No	 interaction	 is	 found	between	 the	calix[4]arene	and	benzene.	The	extra	 signal	observed	at	7.37	
ppm	corresponds	to	the	signal	of	the	solvent,	and	the	same	applies	to	xylene	and	ethylbenzene.	
However,	the	most	interesting	response	was	observed	for	toluene.	As	shown	in	Table	7.6,	downfield	
chemical	 shift	 changes	 are	 observed	 for	 all	 protons.	 A	 ∆δax-eq	 value	 of	 0.70	 ppm	 is	 found	 for	 the	
complex,	which	means	 that	 the	 conformation	 of	 the	 receptor	 does	 not	 change	 significantly	 upon	
interaction	 with	 toluene.	 This	 interaction	 was	 also	 found	 in	 previous	 studies	 using	 p-tert-butyl	
calix[4]arene.	 In	 fact,	 there	 is	 indisputable	 evidence	 of	 the	 interaction	 of	 the	 p-substituted	
calix[4]arene	and	toluene	through	X-Ray	crystallography		showing	that	the	solvent	molecule	is	found	
in	the	hydrophobic	cavity	of	the	receptor	[9].	
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Figure	 7.13	 –	Overlay	 of	 the	NMR	 spectra	 of	 the	 interaction	 of	 calix[4]arenes	with	 BTEX	 (data	 acquired	 by	Nawal	 Al	
Hakawati,	Chemistry	Department,	University	of	Surrey,	Surrey,	UK).	
	
Table	7.6	–	Proton	chemical	 shifts	 (ppm)	of	calix[4]arene	 in	chloroform	and	chemical	 shift	 changes	by	 the	addition	of	
benzene,	toluene,	ethylbenzene	and	xylene	relative	to	chloroform	at	298	K.		
Solvent	 H1	 H2	 H3	 H4	 Extra	peak*	
Chloroform	
(reference)	
10.20	 4.26	 3.54	 6.73	 7.04	 -	
Benzene	 0	 0	 0	 0	 0	 7.37	
Toluene	 +0.43	 +0.37	 +0.31	 +0.65	 +0.51	 -	
Ethylbenzene	 0	 0	 0	 0	 0	 -	
Xylene	 0	 0	 0	 0	 0	 2.32	
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7.7 Study	of	Thermodynamics	of	SiNW	Chem-FETs	with	Benzene	Vapours		
The	 binding	 energies	 of	 SiNW	 chem-FETs	with	 benzene	was	 investigated	 by	 calculating	 the	 Gibbs	
energy	(ΔG)	given	by	the	following	equation	[10]:	
	
Equation	7.3	 	 	 	 ΔG = −RT lnK	 	 (kJ	mol-1)	
	
where,	ΔG	is	the	Gibbs	Energy	of	 interaction	(kJ	mol-1),	R	 is	the	gas	constant	(8.314	JK-1	mol-1),	T	 is	
the	absolute	temperature	(298.15	Kelvin)	and	K	is	the	binding	affinity	constant.	The	value	of	K	was	
calculated	 from	the	previous	analysis	 (Langmuir	adsorption	 isotherm)	–	Appendix	 I.	The	calculated	
values	of	ΔG	are	shown	in	Table	7.7		
	
Table	7.7	–	List	of	Gibbs	energies	(ΔG)	of	complexation	of	SiNW	chem-FET	and	benzene	at	298.15	K.	
Complexation	 ΔG	(kJ	mol-1)	
Calix[4]arene-functionalised	SiNW	chem-FET	with	benzene	 -4.79	
Resorcarene-functionalised	SiNW	chem-FET	with	benzene	 -2.08	
SFLS-grown	SiNW	chem-FET	with	benzene	 -1.18	
	
The	Gibbs	energy	(ΔG)	shows	the	affinity	of	the	receptor	for	the	benzene	guest.	The	calix[4]arene-
benzene	 complexation	 exhibited	 the	 higher	 stability	 constant	 (K=6.9)	 and	 effectively	 the	 most	
favourable	 Gibbs	 energy	 of	 interaction	 (ΔG)	 as	 compared	 to	 resorcarene-functionalised	 and	 SFLS	
chem-FETs	 (Table	 7.7).	 This	 concludes	 that	 the	 calix[4]arene-benzene	 complexation	 exhibited	 the	
highest	strength	of	reversible	interactions.	Judging	from	the	values	obtained,	the	weak	interactions	
taking	place	result	from	non-covalent	forces	 i.e.	π-π,	van	der	Waals	between	the	guest	and	the	gas	
receptor.		
	
7.8 Concluding	Remark	and	Outlook	
In	 this	 chapter	 a	 proof-of-concept	 SiNW	 FET	 sensor	 was	 demonstrated	 functionalised	 with	
calix[4]arenes	and	 resorcarenes	as	gas	 receptors	 towards	BTEX	VOCs	with	a	 selectivity	 to	benzene	
vapours.	 The	 calix[4]arene-derivatives	 (calix[4]arenes	 and	 resorcarenes)	 demonstrate	 a	 dynamic	
process	 of	 the	 host-guest	 interactions,	 in	 which	 adsorption	 and	 desorption	 of	 the	 guest	 vapour	
molecules	occur,	setting	them	as	ideal	candidates	for	reversible	gas	sensors.		
High-performance	CVD-grown	SiNW	FETs	with	NWs	aligned	via	DEP	were	used	as	the	transducers	in	
this	 work.	 The	 calix[4]arene	molecules	 were	 dispersed	 in	 chloroform	 and	 deposited	 on	 the	 CVD-
grown	SiNW	FET	surface	using	the	spin-coating	technique.	The	presence	of	the	gas	receptors	on	the	
NW’s	surface	was	validated	via	high-resolution	AFM	analysis	(section	4.6.2).	Both	calix[4]arene-	and	
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resorcarene-functionalised	CVD-grown	SiNW	FETs	exhibited	higher	response	to	benzene	molecules	
at	30	ppm	concentration	(in	dry	air	environment,	<0.1%	RLH)	as	compared	to	the	rest	of	BTEX	family	
molecules.	 A	 resorcarene-functionalised	 chem-FET	 also	 exhibited	 response	 at	 60	 ppb	 to	 30	 ppm	
benzene	 concentration,	 which	 highlights	 its	 potential	 for	 selectively	 sensing	 benzene	 at	 very	 low	
concentrations.	 However,	 further	 investigation	 must	 be	 conducted	 for	 its	 full	 applicability.	 The	
response	 of	 the	 calix[4]arene-derivatives	 is	 triggered	 by	 non-covalent	 van	 der	Waals	 interactions,	
which	 influence	 the	density	of	 charge-carriers	 in	 the	SiNW	conductivity	and	cause	 the	 shift	of	 the	
threshold	 voltage	 (VTh).	 The	 strong	 response	 to	 benzene	 is	 attributed	 to	 the	 size	 of	 the	 benzene	
molecule	which	can	fit	and	diffuse	into	the	cavity	of	the	calix[4]arene	crown,	as	opposed	to	the	rest	
of	BTEX	molecules	(toluene,	ethylbenzene,	xylene).		The	same	experiment	was	repeated	prior	to	the	
functionalisation	of	the	SiNWs	with	the	gas	receptors,	which	showed	a	negligible	response	towards	
BTEX	molcules.	The	operational	instabilities	probably	originated	from	the	trap	states	at	the	surface	
of	the	SiNWs.	Thus,	the	results	conclude	that	the	sensing	response	observed	with	the	calix[4]arene-
functionalised	SiNWs	indeed	originates	from	the	dynamic	host-guest	interactions.	Also,	the	binding	
interactions	of	 calix[4]arenes	with	BTEX	were	 investigated	via	 1H-NMR	spectroscopy.	However,	 no	
clear	 observation	 could	 be	 established	 using	 either	 method.	 Electrical	 measurements	 were	 also	
carried	out	with	SiNW	FETs	functionalised	with	resorcarenes.	It	is	anticipated	that	calix[4]arenes	and	
resorcarenes	 share	 the	 same	 sensing	 mechanism	 as	 they	 originate	 from	 the	 same	 family	 of	
supramolecular	systems.		
Also,	 as	 a	 proof-of-concept,	 the	 sensing	 response	 of	 the	MPS	 shell	 of	 the	 SFLS-grown	 SiNWs	was	
investigated	under	the	exposure	of	BTEX	vapours	from	1	to	30	ppm,	in	dry	air	environment	(<0.1%	
RLH).	The	device	exhibited	high	response	to	benzene,	although	the	exact	sensing	mechanism	needs	
further	 investigation	due	 to	 the	complex	chemical	composition	of	 the	NW’s	shell	and	 its	 thickness	
variations.		
In	summary,	the	possibility	of	using	calix[4]arenes	and	their	derivatives	as	gas	receptors	on	SiNW	FET	
devices	and	 their	 selectivity	 to	benzene	vapours	 in	 sub-ppm	gas	concentrations,	was	observed	 for	
the	 first	 time.	 The	 compact	 size	 of	 SiNW	FETs,	 as	well	 as	 the	 excellent	 yield,	 simple	 and	 low	 cost	
synthesis	of	calix[4]arene	derivatives,	present	a	new	approach	for	the	selective	sensing	of	benzene.	
Above	all,	the	proposed	sensor	devices	can	be	fabricated	using	printed	electronic	approaches.		
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8	
Conclusion	and	Future	Work	
	
8.1 Conclusion	
In	this	thesis,	the	development	of	a	novel	SiNW	FET	BTEX	gas	sensor	modified	with	supramolecular	
systems	 was	 investigated,	 in	 line	 with	 printed	 and	 flexible	 electronic	 approaches.	 It	 was	
experimentally	 demonstrated	 that	 using	 suitable	 alignment	 techniques	 for	 the	deposition	of	 high-
quality	 semiconducting	NWs	and	with	 the	proper	 selection	of	gas	 receptors,	 the	gas	nano-sensors	
can	achieve	high	sensitivity	and	selectivity.	The	aim	of	the	thesis	was	accomplished,	with	the	SiNW	
FET	gas	 sensors	exhibiting	high	 sensitivity	and	selectivity	 to	benzene	 (targeted	gas)	vs.	other	BTEX	
gases	 at	 1-30	 ppm	 concentration,	 at	 room	 temperature	 and	 pressure	 conditions.	 Benzene	 is	
classified	 as	 carcinogenic	 to	 humans,	 therefore	 early	 and	 accurate	 detection,	 before	 it	 reaches	
dangerous	concentrations,	is	essential	for	reducing	health	risk	and	ensuring	public	safety.		
In	 this	 work	 one	 of	 the	 main	 challenges	 in	 nanomaterial-based	 printed	 electronics	 has	 been	
addressed,	 namely,	 the	 reproducible	 and	 controllable	 assembly	 of	 high-quality	 semiconducting	
SiNWs	 from	 ink	dispersions	 for	 high	performance	 SiNW	FETs.	 This	 achievement	was	based	on	 the	
ability	to	solve	a	number	of	 individual	key	challenges	associated	with	solution-processed	NW	FETs,	
such	 as:	 the	 formation	 of	 Ohmic	 contacts,	 one-step	 selection	 and	 assembly	 of	 high-quality	 NW	
oriented	‘mono-layers’	using	a	breakthrough	methodology	of	frequency	selective	DEP,	the	dramatic	
reduction	of	 I-V	hysteresis	effects	 and	 the	ability	 to	optimise	NW	FETs	 to	achieve	a	 few	milli-amp	
level	 current.	These	accomplishments,	 coupled	with	 the	demonstration	of	 selective	 interactions	of	
calix[4]arenes	and	resorcarenes	with	benzene	molecules,	have	allowed	the	development	of	selective	
SiNW	FET	sensors	for	benzene.	More	details	of	these	findings	are	summarised	below.	
In	this	work,	both	SFLS-	and	CVD-grown	SiNWs	were	examined	and	used	for	the	fabrication	of	FET	
devices.	The	bottom-gated	SiNW	FETs	were	mainly	fabricated	using	photolithography	on	both	rigid	
(Si)	and	flexible	(Kapton)	substrates	(Chapter	3).	Also,	fully-printed	SiNW	FETs	were	fabricated	at	ATI,	
University	of	Surrey,	UK,	using	an	ink-jet	printer,	demonstrating	the	realistic	potential	of	printing	as	
an	alternative	technique	to	photolithography	for	the	fabrication	of	NW	FETs.	The	performance	of	the	
SiNW	FETs	was	studied	using	various	metals,	including	Au,	Ni,	Pd	and	Ag.	The	formation	of	NiSi	was	
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also	 investigated	 as	 a	 cost-effective	 Ohmic	 contact,	 exhibiting	 outstanding	 FET	 performance	 and	
considered	as	a	potential	candidate	for	the	replacement	of	Au	contacts.	However,	the	temperature	
conditions	(above	400°C)	for	the	successful	growth	of	NiSi	 is	still	challenging	for	plastic	substrates.	
The	 formation	 of	 NiSi	 was	 verified	 via	 SEM,	 EDX	 and	 c-AFM.	 The	 SiNWs	 were	 deposited/aligned	
across	the	metal	electrodes	of	the	FET	devices	via	DEP	and	roll-cast	coating	and	the	deposition	of	the	
gas	receptors	was	performed	via	spin-coating.		
Various	 characterisation	 techniques	 were	 used	 for	 the	 evaluation	 of	 the	 physical	 and	 electrical	
properties	of	the	SiNWs	(Chapter	4).	The	ability	to	fully	characterise	the	nanostructures,	provided	a	
fundamental	 understanding	 of	 their	 FET	 performance	 and	 the	 principle	 of	 operation	 of	 DEP.	 The	
morphological	 properties	 of	 CVD-	 and	 SFLS-grown	 SiNWs	were	 characterised	 via	POM,	 SEM,	 TEM	
and	 AFM,	 and	 the	 stoichiometric	 properties	 of	 the	 SFLS	 SiNW	 shells	 were	 studied	 via	 XPS.	 An	
important	 study	 in	 the	 project	 was	 the	 characterisation	 of	 the	 crystalline	 structure	 and	 electrical	
properties	of	the	SFLS-grown	SiNWs	via	HRTEM	and	c-AFM,	respectively.	As	discussed	in	Chapter	2,	
the	SFLS	growth	technique	is	able	to	achieve	a	throughput	of	a	few	kg	of	NWs	per	day,	suitable	for	
industrial	 applications	 of	 large-area	 electronic	 devices.	 However,	 the	 limited	 control	 of	 the	 NW	
morphological	properties	results	in	a	synthesis	of	poly-disperse	NWs	with	various	lengths,	diameters,	
crystallographic	 directions,	 and	 crystal	 structure	 defects,	 which	 affect	 the	 reproducibility	 and	
reliability	of	electronic	devices.		
Having	 evaluated	 the	 crystalline	 quality	 of	 the	 SLFS-grown	 SiNWs,	 the	 investigation	 and	
development	of	a	solution-based	technique	for	 the	selective	assembly	of	high-quality	1-D	NWs	for	
reproducible	 and	 high-quality	 FET	 gas	 sensor	 devices	was	 equally	 important	 and	 challenging.	 The	
DEP	assembly	method	was	meticulously	examined	via	collection	rate	measurements	and	impedance	
spectroscopy	and	it	was	concluded	that	by	altering	the	DEP	frequency,	high	and	low	quality	NWs	can	
be	discriminated.	In	Chapter	5,	it	was	experimentally	demonstrated	that	the	level	of	polarisability	of	
the	 1-D	 nanostructure	 under	 the	 non-uniform	 DEP	 field	 is	 related	 to	 its	 conductivity,	 hence	 the	
degree	 of	 crystal	 imperfections.	 Thus,	 at	 the	 low-frequency	 DEP	 range	 various	 quality	 NWs	 are	
collected,	 including	 poor-quality	 semiconducting	 SiNWs	 that	 may	 contain	 defects	 and	 associated	
traps,	 while	 high	 frequencies	 induce	 the	 collection	 of	 only	 the	 highest	 quality,	 low-defect	
semiconducting	SiNWs,	with	higher	conductivity.	The	correlation	between	DEP	signal	frequency	and	
the	 electrical	 properties	 of	 the	 deposited	 NWs	was	 confirmed	 by	 FET	 and	 c-AFM	 data.	 The	 DEP-
processed	 SiNW	 FETs	 demonstrated	 high	 on-currents	 in	 the	 mA	 range	 and	 high	 reproducibility,	
setting	DEP	as	 the	ultimate	 tool	 for	 the	 fabrication	of	high-performance	and	reproducible	NW	FET	
devices	for	sensor	applications.	This	finding	can	be	extended	to	a	much	wider	range	of	nanomaterals	
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and	 the	 technology	 is	 fully	 compatible	with	 plastic	 and	printed	 electronic	 approaches	 that	 can	be	
scaled-up	for	industrial	applications.	
Having	 experienced	 the	 challenge	 and	 the	 lengthy	 process	 needed	 for	 the	 study	 of	 the	 DEP	
collection	 rate	 (1/τ)	 measurements	 at	 various	 DEP	 signal	 frequencies,	 a	 convenient	 and	 rapid	
method	for	the	1/τ	vs.	frequency	characterisation	of	NWs	was	developed	(Chapter	5).	Using	3DEP	by	
DEPtech	 (commercially	 available),	 the	 NW	 DEP	 collection	 rate	 vs.	 frequency	 response,	 associated	
with	DEP	force	on	NWs,	was	measured	in	only	60	seconds,	both	for	SFLS-	and	CVD-grown	SiNWs.	The	
selected	DEP	 frequencies	were	 directly	 linked	 to	 the	quality	 of	 the	 collected	NWs	and	 the	overall	
performance	 of	 the	 FET	 device,	 thus	 they	were	 fully	 consistent	with	 the	 demonstrated	 collection	
rate	measurements	vs.	 frequency,	 conducted	using	 the	 impedance	spectroscopy	analysis.	The	DEP	
spectrum	signal	map	provided	by	3DEP	can	be	used	as	a	quality-test	and	guidance	prior	to	NW	DEP	
deposition.	 The	 3DEP	 analysis	 can	 also	 be	 applied	 for	 the	 efficient	 evaluation	 of	 the	 electrical	
properties	of	a	wide	variety	of	nanostructures,	such	as	metallic	and	semiconducting	NWs,	CNTs	and	
nanoflakes.	
The	hysteresis	effect	 is	one	of	the	main	sources	of	performance	instabilities	that	affect	 the	FET	I-V	
characteristics	and	consequently	the	sensing	response	of	the	SiNW	FET	gas	sensors.	Many	methods	
have	been	reported	in	the	literature	for	minimising	hysteresis,	however,	all	the	proposed	solutions	
included	 high-temperature	 annealing	 which	 is	 not	 suitable	 for	 plastic	 electronics.	 In	 this	 work,	 a	
quick	 solution-based	 method	 conducted	 at	 room	 temperature	 and	 normal	 pressure	 was	
demonstrated,	which	resulted	in	a	dramatic	reduction	of	surface	trap	states	on	SiNWs	(Chapter	6).	
Using	DMF	solution	as	a	mild	oxidation	agent	and	surface	passivation	for	the	SiNW	shells,	SiNW	FET	
devices	 exhibited	 near-zero	 hysteresis,	 an	 increase	 in	 device	 mobility	 and	 up	 to	 two	 orders	 of	
magnitude	decrease	in	trap-density	compared	to	anisole-treated	SiNWs.	The	passivation	mechanism	
originated	from	the	significant	increase	of	SiO2	composition	of	the	SFLS-grown	SiNW	shell	around	the	
core,	confirmed	via	XPS.	In	addition,	CVD-grown	SiNW	FETs	exhibited	a	reduction	of	hysteresis	when	
post-treated	with	DMF,	demonstrating	the	passivation	effects	of	DMF	as	seen	with	the	SFLS-grown	
NWs.	The	applicability	of	DMF	passivation	might	be	extended	to	other	types	of	materials	containing	
oxide	 shells,	 however,	 it	must	 be	 justified	 through	 further	 experimental	 analysis.	 The	 approach	 is	
ideally	suited	to	nanomaterials	containing	oxide	shells	intended	for	printed	electronic	applications.		
The	proof-of-concept	of	the	SiNW	FETs	as	gas	sensors	for	BTEX	vapours	was	presented	in	Chapter	7.	
Using	 calix[4]arenes	 and	 resorcarenes	 as	 gas	 receptors,	 funtionalised	 SiNW	 FETs	 selectively	
responded	to	benzene	vapours	from	60	ppb	to	30	ppm,	at	room	temperature.	It	 is	speculated	that	
the	benzene	molecule	 fits	 into	 the	cavity	of	 the	 calix[4]arene	crown	and	becomes	confined	 in	 the	
cavity.	 It	 is	 also	 speculated	 that	 the	 dynamic	 process	 of	 reversible	 host-guest	 interactions	 of	
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calix[4]arenes/benzene	 is	 triggered	 through	 non-covalent	 van	 der	 Waals	 interactions,	 which	
influence	the	potential	at	the	surface	of	the	NWs,	resulting	in	the	change	of	SiNW	conductivity.	Thus,	
benzene’s	sensing	response	is	observed	in	the	form	of	FET	threshold	shift	(ΔVTh).	The	ΔVTh	shift	was	
well	identifiable,	and	a	clear	distinction	could	be	made,	for	example,	between	sensing	benzene	and	
toluene	with	FETs	functionalised	with	calix[4]arenes.	The	gas	sensing	results	demonstrated,	for	the	
first	 time,	 the	possibility	of	using	supramolecular	 systems	 (i.e.	calix[4]arene-derivatives)	as	 sensing	
layers	deposited	on	surfaces	of	functional	nanoelectronic	devices,	such	as	SiNW	FETs,	for	the	rapid	
detection	of	hazardous	gases.		
To	summarise,	the	following	significant	breakthroughs	were	demonstrated	in	the	thesis:	(i)	one-step	
solution	process	using	DEP	for	the	direct	selection,	collection	and	ordered	assembly	of	SiNWs	with	
desired	 electrical	 properties,	 (ii)	 development	of	 an	efficient	 and	 industrially	 available	method	 for	
the	 rapid	 determination	 of	 NW	 electrical	 properties,	 (iii)	 one-step	 solution-based	 NW	 surface	
passivation	method	for	the	reduction/elimination	of	hysteresis,	 (iv)	 fabrication	of	reproducible	and	
high-performance	SiNW	FETs	in	the	mA	range	and,	(v)	selective	detection	of	benzene	vapours	at	low	
ppm	range.	All	 these	 innovations	highlight	 the	 significant	 contribution	of	 this	 thesis	 in	 the	 field	of	
printed	electronic	SiNW	FETs	for	sensor	applications.		
The	 technology	 proposed	 in	 this	 thesis,	 has	 a	 high	 potential	 to	 make	 a	 breakthrough	 in	 the	 key	
requirements	 of	 gas	 sensing,	 including	 sensitivity,	 selectivity,	 miniaturisation	 and	 cost.	 The	
nanosensors	 can	 be	 integrated	 with	 smartphones	 to	 enable	 users	 to	 take	 snapshots	 of	 various	
chemicals	and	monitor	their	levels	before	they	reach	dangerous	concentrations.	The	reversible	and	
low	power	compact	sensor	device	will	make	the	strongest	impact	for	the	gas	sensing	innovation	of	
BTEX	vapours,	potentially	leading	to	a	new	generation	of	disposable	and	cost-effective	nanosensors.	
	
8.2 Future	Work	
Although,	the	contribution	of	this	thesis	in	high-performance	and	reproducible	SiNW	FETs	for	sensor	
applications	has	been	significant,	there	is	a	room	for	further	improvement.	Future	recommendations	
are	listed	in	the	sections	below:	
	
8.2.1 High-k	Dielectrics	for	Bottom-Gated	Silicon	Nanowire	Field-Effect	Transistors	
In	this	work,	SiO2	(230	nm	thick)	and	Parylene-N	(≈400	nm	thick)	were	used	as	gate	dielectrics	for	the	
fabrication	of	high-performance	SiNW	FET	devices.	The	thickness	of	the	gate	dielectrics	resulted	 in	
high	gate	voltages	(VG)	of	up	to	40	V.	Ultrathin	(<10	nm),	high-k	ALD	gate	oxides	(i.e.	AL2O3;	k=9)	can	
be	used	as	a	replacement	of	SiO2	(k=3.9)	and	Parylene-N	(k=≈2.65).	Using	ALD	dielectrics,	the	driving	
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voltages	 of	 the	 gate	 electrode	will	 be	 significantly	 reduced,	 the	 ION/OFF	 ratio	will	 increase,	 the	 s-s-	
value	will	reduce	and	the	overall	performance	of	the	FET	device	will	be	enhanced.		
	
8.2.2 3DEP	Analysis	of	Various	Nanomaterials	
It	was	experimentally	demonstrated	that	3DEP	is	the	optimum	system	for	the	rapid	characterisation	
of	 heterogeneous	 SiNWs.	 Its	 applicability	 to	 the	 characterisation	 of	 various	 nanostructures	 looks	
very	 promising,	 hence,	 the	 properties	 of	metallic	 and	 semiconducting	 NWs,	 CNTs	 and	 nanoflakes	
could	be	evaluated.	If	successful,	this	method	could	lead	to	a	very	efficient	nanomaterial	separation	
technique,	allowing,	for	example,	the	separation	of	metallic	and	semiconducting	CNTs.		
	
8.2.3 Hysteresis	Analysis	of	Various	Nanomaterials	
The	applicability	of	the	DMF	and	DMA	solutions	as	mild	oxidising	agents	for	NW	surface	passivation	
should	 be	 investigated	 on	 other	 types	 of	 nanomaterials	 containing	 oxide	 shells.	 The	 experimental	
study	should	include	FET	and	XPS	data	analysis	of	the	nanomaterial’s	chemical	surface	composition.			
	
8.2.4 Sensing	BTEX	VOCs	in	Various	Humid	Environments	
The	demonstration	of	SiNW	FETs	using	calix[4]arene-derivatives	as	gas	receptors	towards	BTEX	VOCs	
was	conducted	 in	dry	air	 (0.1%	RLH)	conditions	only.	 It	 is	known	that	 the	calix[4]arene-derivatives	
are	hydrophobic,	and	consequently	many	questions	were	raised	about	the	potential	applicability	of	
the	calix-functionalised	SiNW	FET	sensors	in	various	humid	environments.	The	response	of	the	SiNW	
FETs	modified	with	 calix[4]arenes	was	 investigated	under	30%	RLH	environment.	 Even	 though	 the	
sensor	device	remained	in	the	humidity	environment	for	more	than	24	hours,	as	part	of	its	recovery	
stage	 (signal	conditioning),	 the	sensing	signal	 (ΔVTh)	was	still	unstable.	 It	 is	 recommended	to	allow	
more	 than	 48	 hours	 for	 the	 signal	 conditioning	 of	 the	 SiNW	 FET	 before	 running	 the	 sensing	
measurements	(Figure	8.1).	 It	 is	suggested	that,	 the	non-functionalised	exposed	areas	of	the	SiNW	
and	 gate	 dielectric	 (SiO2)	 are	 hydrophilic	 (or	 partially	 hydrophilic)	 and	 might	 be	 susceptible	 to	
humidity	changes	 in	the	environment,	potentially	causing	 instabilities	of	the	VTh	during	the	sensing	
measurements.	Such	undesirable	changes	can	be	mitigated	by	creating	hydrophobic	self-assembled	
monolayers	 (SAM)	on	the	gate	dielectric,	or	by	 the	replacement	of	SiO2	with	a	highly	hydrophobic	
dielectric	such	as	CytopTM.	Also,	NW	surface	functionalisation	and	the	receptor	packing	density	can	
be	 substantially	 improved	by	anchoring	 receptors	by	 covalent	bonding	onto	 the	NW	surface	using	
SAM’s	chemistry	(see	section	8.2.6).	
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Figure	8.1	–	SiNW	FET	device	 functionalised	with	calix[4]arene	receptors	measured	 in	30%	RLH	environment	every	24	
hours	for	four	days.	The	device	reaches	its	stable	response	after	48	hours.	
	
8.2.5 Sensing	BTEX	VOCs	in	the	Range	of	ppb	
Having	 demonstrated	 the	 proof-of-concept	 of	 SiNW	 FETs	 gas	 sensors	 at	 low	 concentrations	 (1-30	
ppm),	 it	 is	 highly	 recommended	 to	 explore	 their	 potential	 in	 the	 ppb	 range.	 Several	 experiments	
were	conducted	from	60	to	600	ppb	of	benzene	 in	dry	air	conditions,	however,	 their	 recovery	still	
needed	 to	be	 checked.	More	 consistent	 experiments,	 in	 combination	 to	 the	engineering	 solutions	
mentioned	 in	 section	8.2.4,	 should	be	attempted	 for	1	ppb	 to	1	ppm	range.	 If	 successful,	 the	NW	
sensors	 could	 demonstrate	 excellent	 sensitivity	 levels	 that	 are	 highly	 desirable	 for	 industrial	
applications.		
	
8.2.6 Gas	Receptors	Attached	with	Anchor	Groups	
In	this	work,	gas	receptors	were	deposited	on	the	SiNW	surfaces	by	spin-coating.	It	is	still	unclear	if	
all	NWs	were	coated	with	receptors	in	the	device	channel,	and	what	was	the	average	concentration	
of	 receptors	 on	 the	 NWs.	 Receptors	 present	 on	 the	 dielectric	 surface	 do	 not	 contribute	 to	 the	
sensing	 events,	 so	maximising	 the	 density	 of	 receptors	 on	 NWs	 is	 considered	 to	 be	 essential	 for	
attaining	very	low	detection	limits.	Importantly,	the	ordination	of	the	receptor	molecules	in	respect	
to	NW	surface	 is	 essential	 for	maximising	analyte-receptor	binding	events.	 Thus,	 the	upper	 rim	of	
the	receptor	(calix[4]arene-derivatives)	should	be	exposed	for	providing	the	biding	sites	for	the	gas	
molecules.	It	is	anticipated	that	the	gas	receptors	are	attached	on	the	NW’s	oxide	via	weak	van	der	
Waals	interactions.	As	a	future	work,	the	gas	receptors	can	be	modified	to	include	an	anchor	group	
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to	bind	onto	the	transistor	channel	(such	as	the	SiO2	surface	of	NWs),	a	spacer	and	calix[4]arene	(or	
resorcarene)	‘head’.	Thus,	the	receptors	will	be	able	to	form	SAMs	and	be	densely	positioned	on	the	
NW’s	surface.	Using	anchor	groups	attached	on	the	lower	rim	of	the	calix[4]arenes	or	resorcarenes,	
the	gas	receptors	will	be	deposited	with	the	right	orientation,	with	the	upper	rim	facing	away	from	
the	NW’s	surface.	This	will	enhance	the	sensitivity	and	reproducibility	of	the	gas	sensing	devices.		
	
8.2.7 Recovery	of	the	Chem-FET	Sensors	after	Exposure	to	BTEX	Vapours	
For	the	full	recovery	(i.e.	reversibility)	of	the	chem-FETs	several	techniques	have	been	investigated,	
including	driving	 the	 FET	device	 at	 high	VD	 and	0	VG	 (as	 a	 resistor),	 resulting	 in	 Joules	heating	 the	
sensor’s	 NW	 channel	 and	 thermally	 releasing	 analyte	 molecules.	 Alternatively,	 a	 small	 heating	
element	can	be	placed	underneath	 the	sensor.	These	 techniques	can	be	used	 to	 thermally	desorb	
analyte	molecules	for	the	full	recovery	of	the	chem-FET	sensor.		
	
8.2.8 Printed	and	Flexible	Multi-Elemental	Sensing	Platform	for	BTEX	VOCs	
In	this	work,	the	multi-elemental	sensing	platform	was	successfully	fabricated	on	flexible	substrates	
(Kapton).	However,	 its	functional	operation	is	still	pending.	The	sensing	platform	contains	4	groups	
of	12	bottom-gated	FET	structures	for	‘mapping’	BTEX	VOCs	(Figure	3.16,	Chapter	3).	Each	group	can	
be	 selectively	 functionalised	 with	 the	 appropriate	 gas	 receptors	 according	 to	 the	 targeted	 gas	
molecule.	 The	 FET	 functionalisation	 with	 the	 receptors	 can	 be	 selectively	 conducted	 via	 ink-jet	
printing.	Also,	 its	applicability	can	be	extended	to	any	type	of	gas	molecules	using	the	appropriate	
gas	receptors.		
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Figure	A1	–	Examples	of	polarised	optical	microscope	(POM)	images	of	SiNWs	on	Si/SO2	substrates	used	for	the	analysis	
of	the	NW	length	distribution.	(a)	100	μm	scale,	(b)	50	μm	scale.		
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Figure	A2	–	Atomic	Force	Microscope	(AFM)	cross-sectional	image	of	the	FET	device,	taken	approximately	in	the	middle	
of	 the	 channel	 area,	 showing	 5	 NWs.	 AFM	 tip	 movement	 is	 parallel	 to	 the	 edge	 of	 the	 electrode,	 and	 being	
perpendicular	to	the	NWs	in	the	FET	channel.	AFM	image	gives	direct	measurements	of	the	NW	diameters.			
Appendix	B	
	 201	
Appendix	B	
(a)	 (b)	
(e)	 (f)	
(c)	 (d)	
Appendix	B	
	 202	
	
(g)	 (h)	
(i)	 (j)	
(k)	 (l)	
Appendix	B	
	 203	
	
(m)	 (n)	
(o)	 (p)	
(q)	 (r)	
Appendix	B	
	 204	
	
Figure	B1	–	Transfer	characteristic	plots	of	SFLS-grown	SiNW	FETs	(a-h)	before	and	after	annealing	at	450°C	for	3	minutes	
in	the	CVD	chamber	filled	with	N2	air,	(i-m)	before	and	after	annealing	at	450°C	for	5	minutes	in	the	CVD	chamber	filled	
with	N2	air	and	(n-t)	before	and	after	annealing	the	same	device	at	250°C	for	1	hour	in	the	glove	box	filled	with	N2	air	
and	then	at	450°C	for	3	minutes	in	the	CVD	chamber	filled	in	N2	air.	
	
	
	
	
	
	
	
(s)	 (t)	
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Figure	B2	–	High-resolution	c-AFM	(MFP-3D)	image	of	SiNWs	showing	the	progression	of	Ni	on	the	SiNW	surface	after	(a)	
annealing	on	a	hot	plate	 (250°C/1	hour)	and	 (b)	 in	a	CVD	chamber	 (450°C/3	minutes),	both	 in	a	N2	environment.	The	
current	profile	of	 the	 SiNW	surface	 shown	 in	 (b)	 is	≈10	higher	 than	 (a),	 demonstrating	 the	 formation	of	NiSi	 (images	
taken	by	Grigorios	P.	Rigas,	at	NPL,	Teddington,	UK).	
(a)	
(b)	
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Figure	C1	-	Overlay	of	the	NMR	spectra	of	the	interaction	of	calix[4]arenes	with	deuterated	chloroform	(graph	acquired	
by	Nawal	Al	Hakawati,	Chemistry	Department,	University	of	Surrey,	Surrey,	UK).	
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MATLAB	script	used	for	the	collection	rate	measurements	
	
results.Basename	=	'today';	
so	=	serial('COM1');	
set(so,'BaudRate',19200);	
set(so,'InputBufferSize',20000);	
so.Timeout	=	2;	
fopen(so);	
results.RawData	=	[];	
com	=	['datalog?'];		%asemble	your	commanmd	sting	
fprintf(so,com);	%Send	Command	Sting	
pause(5);	
%%	
while	so.BytesAvailable>0	
out1	=	fscanf(so)	%	read	repy	form	serial	port		
out2	=	str2num(out1);	
results.RawData	=	[results.RawData;	out2];	
pause(0.2);	
end	
%%	
fclose(so);																										%close	oscilloscope	port	
delete(so);																										%Delete	variable	
clear	so;																												%clear	input	buffer	
%%	
time	=	results.RawData(:,2)*3600;	
resistance	=	results.RawData(:,3);	
reactance	=	results.RawData(:,4);	
impedance=sqrt((results.RawData(:,3).^2)+(results.RawData(:,4).^2));	
	
figure(1);	
plot(time,reactance);	
title('Reactance	Vs	Time');	
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ylabel('Reactance,(ohms)');	
xlabel('Time,	(seconds)');	
saveas(figure(1),'Substrate	17,	S3,	MPS	Si,	DMF,	22KHz,		10Vp,	10um,	200um,	Reactance.jpeg');	
	
figure(2);	
plot(time,resistance);	
title('Resistance	Vs	Time');	
ylabel('Resistance,(ohms)');	
xlabel('Time,	(seconds)');	
saveas(figure(2),'Substrate	17,	S3,	MPS	Si,	DMF,	22KHz,		10Vp,	10um,	200um,	Resistance.jpeg');	
	
figure(3)	
plot(time,reactance,	'r');	
hold	on	
plot(time,resistance,	'b');	
title('Reactance	Vs	Time');	
ylabel('(ohms)');	
xlabel('Time,	(seconds)');	
legend('reactance',	'resistance');	
saveas(figure(3),'Substrate	17,	S3,	MPS	Si,	DMF,	22KHz,		10Vp,	10um,	200um,	
Resistance&Resistance.jpeg');	
	
	
figure(4);	
subplot(2,1,1)	
plot(time,reactance,	'r');	
subplot(2,1,2)	
plot(time,resistance,	'b');	
saveas(figure(4),'Substrate	17,	S3,	MPS	Si,	DMF,	22KHz,		10Vp,	10um,	200um,	Resistance	&	
Resistance.jpeg');	
	
figure(5);	
plot(time,impedance);	
title('Impedance	Vs	Time');	
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ylabel('Impedance,(ohms)');	
xlabel('Time,	(seconds)');	
saveas(figure(5),'Substrate	17,	S3,	MPS	Si,	DMF,	22KHz,		10Vp,	10um,	200um,	Impedance.jpeg');	
	
'run	complete'	
	
%fclose(instrfind)	
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Figure	E1	-	Log-linear	representation	of	the	same	impedance	drop,	showing	fast	exponential	decay	between	10	and	11	
seconds	on	the	time	scale.	This	decay	is	responsible	for	98%	of	the	total	impedance	drop.	Slow-varying	impedance	decay	
(t=11	-15	s)	contributes	to	only	2%	of	the	total	impedance	drop.	
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(c)	
(d)	
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Figure	 E2	 -	 Calculated	 values	 of	 the	 real	 part	 of	 the	 Clausius-Mossotti	 factor	 (CMF)	 and	 estimated	 applied	
dielectrophoretic	force	(FDEP)	for	the	long	and	short	axis	of	SiNWs	(εp=11.9)	with	three	conductivity	values	(σp=18	S/m,	
σp=1.1	 S/m,	 σp=0.05	 S/m)	 suspended	 in	 DMF	 (εm=36.7,	 σm=2.5	 x	 10
-4	 S/m)	 plotted	 as	 a	 function	 of	 DEP	 AC	 signal	
frequency.	Plots	 for	various	 conductivity	NWs	are	 shown	 in:	 (a,	b)	 for	σp=18	S/m,	 (c,	d)	 for	σp=1.1	S/m,	and	 (e,	 f)	 for	
σp=0.05	S/m.	The	CMF	plots	(a,	c,	e)	show	that	at	a	particular	frequency,	CMF	values	for	long	and	short	axis	will	be	equal,	
thus	 defining	 the	 maximum	 frequency	 at	 which	 DEP	 alignment	 of	 NWs	 will	 occur.	 As	 the	 conductivity	 of	 the	 NWs	
increases,	this	maximum	dielectrophoretic	frequency	increases.	If	we	choose	a	fixed	DEP	alignment	frequency,	we	can	
follow	each	plot	 (b,	 d,	 f)	 to	 find	a	DEP	 force	 that	will	 act	on	 the	NW	 (long	axis),	 overall	 showing	a	 trend	 that	higher	
conductivity	NWs	will	experience	a	higher	DEP	force	(see	Table	E1	below).	
(CMF calculated for σp=0.05 S/m) 
(e)	
(f)	
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Table	E1:	Dielectrophoretic	 force	 (FDEP)	 at	1MHz	DEP	 frequency	 calculated	 for	 SNWs	with	 three	different	 conductivity	
values	 corresponding	 to	 that	 shown	 in	 Figure	 E2	 (b,	 d,	 f).	 The	 highest	 conductivity	 NWs	 experience	 the	 highest	 DEP	
force.	
	 For	σp=18	S/m	 For	σp=1.1	S/m	 For	σp=0.05	S/m	
Frequency	(MHz)	 FDEP	(N)	 FDEP	(N)	 FDEP	(N)	
1	 4E-26	 2.5E-27	 8.7E-29	
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Figure	F1	–	A	typical	change	of	 light	 intensity	over	well	 radius	 (x-axis)	and	time	(y-axis)	during	the	3DEP	analysis.	The	
well	is	split	into	20	concentric	bands,	with	‘band	1’	being	the	centre	of	the	well	region	and	‘band	20’	being	close	to	the	
walls	of	 the	well.	Each	 region	 is	25	μm	wide.	The	change	shown	 in	 the	 figure	occurs	 in	bands	15	 to	19.	The	depth	of	
penetration	is	≈125	μm	(from	band	15	to	19),	after	30	seconds	of	exposure	to	AC	field.	It	is	shown	that	as	the	frequency	
increases	(from	1	kHz	to	20	MHz)	the	light	intensity	decreases,	due	to	the	attraction	of	less	SiNWs	towards	the	walls	of	
the	3D	well.	The	change	of	the	light	intensity	is	correlated	to	the	applied	dielectrophoretic	force,	as	shown	in	Figure	5.15	
(Chapter	5)	(images	taken	and	processed	by	Dr.	Kai	F.	Hoettges,	Centre	for	Biomedical	Engineering,	University	of	Surrey,	
Surrey,	UK).	
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Figure	F2	-	Relative	DEP	force	(arbitrary	units)	as	a	function	of	DEP	signal	frequency	for	SFLS-grown	SiNWs	suspended	in	
anisole,	 generated	 by	 the	 commercially	 available	 3DEP	 system	 reader	 (3DEP	 by	 DEPtech,	 Uckfield,	 UK).	 The	 points	
represent	the	mean	DEP	response	of	three	independent	experiments.	The	solid	red	line	represents	the	best	fit.			
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Table	G1	 -	Hysteresis	 (ΔVTh)	 and	 trap	density	 (Qtrap),	 for	 SFLS-grown	SiNWs	dispersed	 in	 anisole	 and	DMF,	 for	 images	
shown	in	6.2	and	6.4	(Chapter	6).	
Device	
Number	
(anisole)	
Hysteresis	in	
Anisole	
(ΔVTh)	
Qtrap	in	Anisole	
(cm-2)	
Device	Number	
(DMF)	
Hysteresis	
in	DMF	
(ΔVTh)	
Qtrap	in	DMF	
(cm-2)	
1	 32	 1.3E+13	 1	 5	 2.1E+12	
2	 30	 1.2E+13	 2	 4	 2.1E+12	
3	 29	 1.2E+13	 3	 5	 1.9E+12	
4	 27	 1.1E+13	 4	 4	 1.8E+12	
5	 27	 1.1E+13	 5	 4	 1.7E+12	
6	 26	 1.1E+13	 6	 4	 1.7E+12	
7	 25	 1.0E+13	 7	 4	 1.5E+12	
8	 25	 1.0E+13	 8	 3	 1.2E+12	
9	 25	 1.0E+13	 9	 3	 1.1E+12	
10	 25	 1.0E+13	 10	 3	 1.1E+12	
11	 23	 9.5E+12	 11	 2	 1.0E+12	
12	 22	 9.2E+12	 12	 2	 9.8E+11	
13	 22	 9.2E+12	 13	 2	 7.0E+11	
14	 22	 8.7E+12	 14	 1	 3.7E+11	
15	 21	 8.6E+12	 15	 0.1	 3.7E+10	
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(a)	
(b)	
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Figure	G1	–	XPS	spectra	of	the	Si2p	region	for	(a)	dry	SFLS-grown	SiNWs,	(b)	anisole-treated	SiNWs	and	(c)	DMF-treated	
SiNWs.	 The	 line	 shape	 of	 each	 sample	 (black)	 was	 fitted	 by	 the	 peak	 deconvolution	 with	 Si0,	 Si1+,	 Si2+,	 Si3+	 Si4+	
components,	using	the	Gaussian/Lorentzian	function.	The	black	curves	show	the	experimental	data	and	the	red	curves	
show	the	data	fits.		
	
	
	
	
	
	
	
	
Table	G2	-	XPS	peak	areas	for	dry	SiNWs	and	SiNWs	dispersed	in	anisole	and	DMF.	
SiNW	
Treatment	
Overall	XPS	Peak	Areas	 Si	0	 Si1+	 Si2+	 Si3+	 Si4+	
Dry		
19500	 6200	 3900	 2400	 6300	 700	
Anisole-treated		
17300	 6600	 2900	 2500	 4000	 1300	
DMF-treated		
20400	 4800	 0	 1500	 6200	 7900	
		
	
	
(c)	
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Table	G3	-	XPS	percentage	atomic	concentrations	of	dry	SiNWs	and	SiNWs	dispersed	in	anisole	and	DMF.	
SiNW	Treatment	 Si	0	 Si1+	 Si2+	 Si3+	 Si4+	
Dry	
32%	 20%	 12%	 32%	 4%	
Anisole-treated	
38%	 17%	 14%	 23%	 8%	
DMF-treated	
24%	 0%	 7%	 30%	 39%	
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(b)	
Anisole	
(c)	
DMF	
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Figure	G2	 -	XPS	 spectra	of	 the	C	 region	 for	 (a)	dry	SFLS-grown	SiNWs,	 (b)	 anisole-treated	SiNWs	and	 (c)	DMF-treated	
SiNWs.	The	line	shape	of	each	sample	was	fitted	by	the	peak	deconvolution	with	C-O,	C=O,	C-C,	C-N/C-O	and	Si-C/C=C	
components,	using	the	Gaussian/Lorentzian.	(d)	XPS	survey	spectrum	of	the	C	region	of	SiNWs.	
According	to	the	C1s	XPS	spectra,	the	residue	of	anisole	(b)	and	DMF	(c)	can	be	observed.	The	increase	of	C-C	and	C=C	
peaks	in	(b)	is	associated	with	the	presence	of	the	anisole	benzene	ring,	and	the	C=O	peak	in	(c)	is	associated	with	DMF.	
The	black	curve	shows	the	experimental	data	and	the	red	curve	shows	the	data	fits.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(d)	
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Figure	 G3	 –	 (a,	 b)	 Transfer	 characteristics	 of	 the	 bottom-gated	 (without	 top-contacts)	 FETs	 with	 SFLS-grown	 SiNWs,	
measured	 in	 a	 in	 a	 dry	N2-filled	 glove	box.	 The	devices	were	prepared	using	 anisole,	 and	 then	 treated	with	DMA,	 in	
ambient	 air	 conditions.	 Black	 curves	 correspond	 to	 the	 devices	 fabricated	 using	 only	 anisole	 solvent	 and	 red	 curves	
correspond	to	the	same	devices	after	the	post-treatment	in	DMA	solvent.	The	hysteresis	of	the	device	shown	on	(a)	was	
reduced	from	≈21	V	to	≈12	V,	when	the	FET	was	dipped	into	DMA	for	10	seconds,	due	to	significant	reduction	of	the	hole	
traps.	The	device	on	(b)	shows	the	change	in	the	transfer	characteristics	plot	when	the	SiNW	FET,	with	no	transistor-like	
response,	was	dipped	in	DMA	for	10	seconds.	The	arrows	show	the	direction	of	the	gate	voltage	scan.		
(a)	
(b)	
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Figure	H1	–	Circuit	diagram	of	the	PID	gas	sensor	used	in	this	work.	The	PID	gas	sensor	was	provided	by	Alphasense	Ltd,	
Essex,	UK.	
	
	
	
Figure	 H2	 –	 Linear	 representations	 of	 the	 calix[4]arene-functionalised	 CVD-grown	 SiNW	 chem-FETs	 signal	 recovery	
shown	 in	Figure	7.5	 (a-d)	and	7.5	 (a),	after	exposure	to	(a)	benzene,	 (b)	 toluene,	 (c)	ethylbenzene	and	(d)	xylene.	The	
recovery	was	obtained	after	refreshing	the	glove	box	with	dry	air.	
	
	
	
(a)	 (b)	
(c)	 (d)	
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Table	H1	–	Calculated	ΔVTh	of	the	unfunctionalised	(bare)	CVD-grown	SiNW	FET	shown	in	Figure	7.6	(b).	
Gas	concentration	
(ppm)	
Benzene	
(C6H6)	
Toluene	
(C7H8)	
Ethylbenzene	
(C8H10)	
Xylene	
(C8H10)	
ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	 ΔVTH	(V)	
1	 -0.230	 -0.232	 -0.122	 0.140	
5	 0.102	 -0.687	 -0.116	 0.065	
10	 -0.954	 -0.502	 -0.009	 -0.064	
15	 0.187	 0.082	 -0.021	 0.076	
20	 0.241	 0.374	 0.285	 0.166	
25	 0.201	 0.217	 0.259	 0.194	
30	 0.269	 0.280	 0.255	 0.247	
Figure	H3	–	Chem-FET	device	shown	in	Figure	7.6	re-measured	under	the	same	chemical	conditions.	
Appendix	H	
	 226	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	H4	-	ΔVTh	of	unfunctionalised	(bare)	CVD-grown	SiNW	FET	sensor	exposed	to	dry	air	conditions	under	<0.1%	RLH	–	
measurements	were	taken	every	10	minutes.	
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Figure	H5	–	 ID	vs.	VG	 (linear)	measurements	of	CVD-grown	SiNWs	functionalised	with	resorcarenes,	exposed	to	dry	air	
(reference)	and	(a)	benzene,	(b)	toluene,	(c)	ethylbenzene	and	(d)	xylene	vapours	from	1	to	30	ppm.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(c)	 (d)	
(a)	 (b)	
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Figure	 H6	 –	 Linear	 representations	 of	 the	 resorcarene-functioanalised	 CVD-grown	 SiNW	 chem-FETs	 signal	 recovery,	
shown	 in	 Figure	 7.9	 and	 H5	 (a-d)	 after	 exposure	 to	 (a)	 benzene,	 (b)	 toluene,	 (c)	 ethylbenzene	 and	 (d)	 xylene.	 The	
recovery	was	obtained	after	refreshing	the	glove	box	with	dry	air.	
	
	
	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(a)	 (b)	
(c)	 (d)	
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Figure	H7	–	Linear	representations	of	the	non-functionalised	SFLS-grown	MPS	SINW	FET	sensor	during	exposure	to	BTEX	
from	 5	 to	 30	 ppm,	 in	 5	 ppm	 steps.	Measurements	were	 taken	 in	 10-minute	 time	 intervals	 after	 the	 preferred	 BTEX	
concentration	was	obtained.	The	chem-FET	was	consisted	of	100	NWs	in	the	FET	channel	area.		
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To	evaluate	the	sensitivity	and	LoD	of	the	chem-FETs	the	Langmuir	adsorption	isotherm	(Hidebrand-
Benesi	Law)	was	used.		
The	binding	affinity	constant	(K)	was	calculated	using	the	Hilderbrand-Benesi	plot,	1/ΔVTh	vs.	1/ppm,	
and	approximating	its	response	by	fitting	a	straight	line.	K	was	calculates	as	the	ratio	of	intercept	to	
slope	of	 that	 line.	The	analysis	of	K	 for	Figure	7.6	 (a),	 Figure	7.9	and	7.10,	and	Figure	7.11	 (a)	are	
shown	in	Figure	I1	(a),	Figure	I2	(a)	and	Figure	I3	(a),	respectively.	
To	 determine	 the	 sensitivity	 and	 LoD,	 ΔVTh(KC+1)	 vs.	ppm	was	 plotted,	where	 the	 value	 of	 K	was	
already	being	evaluated	from	1/ΔVTh	vs.	1/ppm.	Also	C	refers	to	the	given	gas	concentration	(in	ppm)	
for	each	ΔVTh	 response.	The	plot	was	approximated	by	a	 straight	 line	and	 the	slope	 (m)	 intercept,	
and	the	error	in	the	intercept	(Δb)	were	evaluated.	The	value	of	m	(V/ppm)	quantifies	the	sensitivity.	
In	order	to	evaluate	the	LoD	the	following	equation	was	used:	
	 	
Equation	I1	 	 	 	 	 	 !!"# = 3 !!! 											(ppb)	
	
where,	cLOD	is	the	LoD,	Δb	is	the	error	in	the	intercept	and	m	is	the	slope	intercept.	The	analysis	of	
sensitivity	(m)	and	LoD	(cLOD)	for	Figure	7.6	(a),	Figure	7.9	and	7.10,	and	Figure	7.11	(a)	are	shown	in	
Figure	I1	(b),	Figure	I2	(b)	and	Figure	I3	(b),	respectively.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(a)	
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Figure	I1	–	Quantitative	analysis	of	calix[4]arene-functionalised	chem-FET	shown	in	Figure	7.6	(a).	Figure	I1	(a):	Plot	of	
1/ΔVTh	vs.	1/ppm.	Figure	I1	(b):	Plot	(KC+1)ΔVTh	vs.	ppm,	using	K	from	evaluation	of	Figure	I1	(a).	Figure	I1	(b)	is	used	to	
determine	the	sensitivity	and	LoD.		
	
	
	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
(b)	
(a)	
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Figure	I2	–	Quantitative	analysis	of	resorcarene-functionalised	chem-FET	shown	in	Figure	7.9	and	Figure	9.10.	Figure	I2	
(a):	Plot	of	1/ΔVTh	vs.	1/ppm.	Figure	I2	(b):	Plot	(KC+1)ΔVTh	vs.	ppm,	using	K	from	evaluation	of	Figure	I2	(a).	Figure	I2	(b)	
is	used	to	determine	the	sensitivity	and	LoD.																										
(b)	
(a)	
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Figure	 I3	 –	 Quantitative	 analysis	 of	 SFLS-grown	 chem-FET	 shown	 in	 Figure	 7.11	 (a).	 Figure	 I3	 (a):	 Plot	 of	 1/ΔVTh	 vs.	
1/ppm.	Figure	I3	(b):	Plot	(KC+1)ΔVTh	vs.	ppm,	using	K	from	evaluation	of	Figure	I3	(a).	Figure	I3	(b)	is	used	to	determine	
the	sensitivity	and	LoD.			
(b)	
